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ABSTRACT

C o m p l e t e  n u c l e o t i d e  s e q uences h a v e  b e e n  d e r i v e d  for the S a b i n  

type 3 vaccine, P 3 / L e o n / 1 2 a i b ,  and its n e u r o v i r u l e n t  

progenitor, P 3 / L e o n / 3 7  ( S t anway et al., 1983, 1984). These 

studies r e v e a l e d  10 b a s e  s u b s t i t u t i o n  m u t a t i o n s  w h i c h  must 

account for the a t t e n u a t e d  and t e m p e r a t u r e  sensitive 

p h e n o t y p e s  of the vaccine. C o m p l e t e  D N A  c o p i e s  of the g e n omes 

of P 3 / L e o n / 1 2 a ^ b  a nd P 3 / L e o n / 3 7  wer e  c o n s t r u c t e d ,  e a c h  w i t h i n  

the p r o k a r y o t e  vector, pAT 153. The f u l l - l e n g t h  c D N A  c l o n e s  

were shown to be i n f e ctious f o l l o w i n g  t r a n s f e c t i o n  of h u m a n  

e p i t h e l i a l  cells. V i r u s  r e s c u e d  from the c D N A  c l o n e  of 

P 3 / L e o n / 1 2 a i b  c o uld not be d i s t i n g u i s e d  from r e f e rence

p r e p a r a t i o n s  of the S a bin type 3 v a c c i n e  in s t a n d a r d  assays

for n e u r o v i r u l e n c e  and t e m p e r a t u r e  sensitivity. B y  the same 

criteria, v i rus r e s c u e d  from the c D N A  c l o n e  of P 3 / L e o n / 3 7  was 

shown to be i d e n t i c a l  to the p a r e n t a l  strain. To d e t e r m i n e  the 

genetic b a s i s  for the a t t e n u a t e d  phenotype, a series of 

i n t e r - s t r a i n  p o l i o v i r u s  r e c o m b i n a n t s  w ere c o n s t r u c t e d  via c DNA 

i n - v i t r o . A t t e n u a t i o n  results from the c o n c e r t e d  effect of two 

independent p o i n t  mutations. The first is a C - U  s u b s t i t u t i o n

at p o s i t i o n  472 in the 5' n o n - c o d i n g  region of the viral 

genome. The s e c o n d  is a C - U  s u b s t i t u t i o n  at p o s i t i o n  2034

which results in a serine to p h e n y l a l a n i n e  s u b s t i t u t i o n  in

VP3. The VP 3 m u t a t i o n  c o n f e r s  a t e m p e r a t u r e  sensitive 

p henotype. This ap p e a r s  to be the o n l y  t e m p e r a t u r e  sensitive 

m u t a t i o n  in the vaccine.
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CHAPTER ONE

Introduction

1.1 General Introduction

Sporadic cases of persisting paralytic illness have been recorded 

since antiquity. Poliomyelitis was not^ however^ clearly defined as a 

clinical entity until the beginning of the 20th century when an abrupt 

increase in the incidence of the disease occurred in the urban, 

industrialised regions of Northern Europe and the United States, The 

transition from the endemic pattern of the relatively uncommon infantile 

paralysis to epidemic poliomyelitis presented one of the most formidable 

public health problems of recent times. An alarming trend towards epidemics 

of increasing frequency and severity was observed throughout the developed 

world during the first half of this century. Very little could be done to 

treat or even to control the disease until prophylactic vaccination became 

a viable option in the late 1950s.

The Salk vaccine, a formalin inactivated virus preparation, was 

introduced in 1955. A dramatic reduction in the incidence of the disease 

was achieved over the next six years. In spite of this remarkable 

achievement, the Salk vaccine was largely replaced by the Sabin live 

attenuated vaccine when it became available in 1961. For a number of 

reasons, the Sabin vaccine was considered to be superior. Consistently 

higher levels of serum antibody are induced in recipients, providing a



potentially longer lasting immunity. Also, replication of the vaccine 

strains in the alimentary tract, the primary site for multiplication of the 

virus, leads to a strong secretory IgA response. Intestinal immunity 

appears to block the circulation of wild-type strains (Yourke et al., 

1979).

The Sabin vaccine is still preferred by most countries. Its 

continued use has lead to the virtual eradication of the disease in the 

developed world. Poliomyelitis^ however^ remains a serious concern. The 

disease is endemic throughout the third world. Surveys of residual lameness 

attributable to poliomyelitis indicate that the annual incidence of the 

disease in these countries may be as high as 5-10 cases per 1,000 

population. Such a rate greatly exceeds that observed in the United States 

at the end of the pre-vaccine era (Robbins et al., 1984).

Also, in those countries where the Sabin vaccine is in use, a low, 

residual level of the disease has persisted. Most of these rare cases are 

temporally associated with administration of the vaccine. The Sabin vaccine 

is administered as a trivalent vaccine, consisting of attenuated strains of 

each of the three serotypes. Poliovirus types 2 and 3 are more frequently 

implicated as the cause of vaccine associated paralysis than type 1 (Assad 

and Cockburn, 1982). There is now good evidence that the type 3 strain and 

probably the type 2 strain, may revert to neurovirulence during replication 

in recipients of the vaccine or their contacts (Cann et al., 1984).

The lowest estimates puts the rate of vaccine associated paralysis 

at 1 case in 11 million doses (Melnick, 1982). However, this estimate takes 

no account of the number of doses administered to susceptible individuals, 

the number of booster doses given and the number of doses discarded (OPV is 

distributed in the UK in 10 dose vials with instructions to discard any 

vaccine not used at the end of each clinic). In the recent WHO study (Assad 

and Cockburn, 1982) 46/52 (89%) of cases of vaccine associated paralysis

occurred after administration of the first dose of vaccine, 5/52 (9%) after



the second dose and 1/52 (2%) after the third dose. Thus the true risk of 

vaccine associated disease is probably closer to 1 case per 0.5-1 million 

doses administered (CDR, 1982).

By relative standards, the Sabin vaccine is one of the safest 

vaccines currently in use. However the evidence of genetic instability 

points to the continued need for surveillance of new vaccine preparations. 

Also the rarity of vaccine associated disease is offset by the severity of 

the illness and the permanence of the resulting disability.

The type 3 vaccine strain, P3/Leon/12a^b, is the strain most 

frequently associated with complications in recipients. P3/Leon/12a^b was 

derived empirically by serial rapid passage of a virulent clinical isolate 

in tissue culture (Sabin et al., 1954; Sabin and Boulger, 1973). The aim of 

the work presented for this thesis is to characterize the genetic changes 

responsible for the attenuated phenotype of P3/Leon/12a^b. In the short 

term this work may lead to a much needed in-vitro assay. The current monkey 

neurovirulence assay is expensive, cumbersome and can yield ambiguous 

results. In the longer term, identification of regions of the genome 

important for maintaining virulence is a vital step towards a better 

understanding of the pathogenicity of poliovirus. It is hoped that such 

knowledge could be used to design a safer, more stabley attenuated vaccine 

strain.



1.2. Picornaviral Taxonomy.

The picornaviruses are a family of mammalian viruses causing a 

wide range of diseases. The name is derived from the prefix "pico", meaning 

small and The possession of an RNA genome. All picornaviruses share common 

structural and morphogenic properties. A single stranded, positive sense 

RNA genome of approximately 2.7 x 10^ molecular weight, is enclosed in an 

icosahedral protein capsid. The capsids are composed of sixty sub-units 

each of which contains four non-identical polypeptide chains (Putnak and 

Phillips, 1981). The RNA genome is polyadenylated at its 3' terminus 

(Fellner, 1979) and has a small, viral coded protein (VPg) covalently 

attached to the 5' terminus (Nomoto et al., 1976).

The picornaviruses are currently classified into four genera on 

the basis of stability to acid pH, buoyant density and genome structure 

(see Table 1.1). A number of plant and insect viruses have many 

characteristics in common with picornaviruses but are not presently 

included in the familly.

The enteroviruses are primarily viruses of the gastro intestinal 

tract but may also replicate in other tissues such as nerve, liver, 

pancreas and muscle. Most enteroviral infections are subclinical, although 

some are associated with gastro -intestinal disorders or, more clinically 

significant, heart or central nervous system involvement. Over seventy 

distinct antigenic types of enteroviruses have been identified. These have 

been divided into a number of groups including the human polioviruses, the 

coxsackieviruses and the echoviruses. Newly identified enteroviruses are 

now numbered sequentially from 68, irrespective of former groupings.

The rhinoviruses are the major causative agents of the upper 

respiratory tract infections collectively known as the common cold. The 

disease is one of the most common virus infections of humans and is of 

considerable economic importance. The genus is composed of 115 human and 2 

bovine serotypes.



The aphthoviruses cause the extremely contagious foot-and-mouth 

disease of cattle. Although rarely fatal, the disease does cause serious 

loss of condition and is therefore of significant economic importance. The 

disease is characterized by vesicular eruptions on the mouth, tongue, 

muzzle and hooves. The aphthoviruses show a wide host range infecting most 

cloven-hooved animals.

The cardioviruses, commonly infecting mice, comprise the smallest 

genus of picornaviruses. Cardioviruses have been isolated from the blood 

and stools of humans in whom they may cause febrile illness with central 

nervous system involvement.

Table 1.1.

Classification of the Picornaviridae.

FAMILY: PICORNAVIRIDAE
Main characteristics

Nucleic acid: composed of one infectious, positive sense 
ssRNA, mol.wt. 2.5 x lof. 5' terminus is covalently 
linked to a protein, VPg (mol. wt. approx 2,400). The 3 ' 

terminus is polyadenylated.
Protein: Four major polypeptides.
Lipid: None.
Carbohydrate: none.
Physico-chemical properties: Mol.wt. 8-9 x lof, 
buoyant density in CsCl 1.33-1.45 g/ml.

GENUS ENTEROVIRUS. Type species: poliovirus type 1 

Main characteristics
Stable at acid pH; buoyant density 1.33-1.34g/ml.
Members
Human polioviruses types 1-3 
Human coxsackieviruses A1-22, 24 
Human coxsackieviruses B1-6 
Human echoviruses 1-9, 11-27, 29-34



Table 1.1. contd.

Human enteroviruses 68-72 
Murine polioviruses 
Simian enteroviruses 1-18 
Porcine enteroviruses 1-8 
Bovine enteroviruses 1-7

GENUS: RHINOVIRUS. Type species: Human rhinovirus 1A

Main characteristics :
Unstable below pH 5-6; buoyant density 1.38-1.42g/ml 
Members :
Human rhinoviruses 1A, IB, 2-115 
Bovine rhinoviruses 1-2

GENUS: APHTHOVIRUS Type species: FMDV type 0 

Main characteristics:
Unstable below pH 5-6; Buoyant density 1.38-1.42; 
poly(C) tract of variable length about 400 bases from 
the 5' terminus of vRNA.
Members :
FMDV 0 
FMDV A 
FMDV C
FMDV SAT 1-3 
FMDV Asia

GENUS: CARDIOVIRUS

Main characteristics :
Unstable at pH below 5-6 in the presence of 0.1M halide; 
buoyant density 1.33-1.34; poly (C) tract of variable 
length (80-250 bases from 5' terminus of vRNA.
Members :
Encephalomyocarditis (EMC) virus 
Mengovirus
Murine encephalomyelitis (ME) virus



1.3. Structure of Picornavirions

Pi cornavi ruses are small (22-3'Onm) , unenveloped RNA containing 

viruses. The virion is a spherical particle with a sedimentation 

coefficient of 150S. A protein capsid contains one molecule of 

single-stranded, positive-sense RNA. Varion RNA serves as a functional 

message in eukaryotic cell-free systems and is infectious following 

transfection of susceptible cells.

1.3.1. yirion_architecture

X-ray diffraction patterns of crystallised poliovirus have 5:3:2 

symmetry, implying that the virion is an icosahedral particle composed 

of 60 or N.60 identical assymetric subunits (Finch and Klug, 1959). On 

the basis of this observation and extrapolating from estimates for

virion mass of 6.7 x 10* and RNA mass of 2 x 10*, these authors 

presented a 60 subunit model for poliovirus in which the fundamental 

repeating morphological unit was a polypeptide with a predicted 

diameter of 60-65A and a molecular weight of 80 x 10=. However, it was 

later demonstrated, using SDS polyacrylamide gel electrphoresis, that 

the poliovirus capsid was composed of not one, but several distinct 

polypeptide species (Maizel, 1963).

Electrophoretic profiles of the capsid proteins of representative 

enteroviruses (Summers et al., 1965; Crowell and Philipson, 1971),

cardioviruses (Rueckert et al., 1969), rhinoviruses (Medappa et al.,

1971; Korant et al., 1972) and apthoviruses (Brown, 1978) are

remarkably similar, suggesting that, in spite of the marked differences 

in acid stability and buoyant density between the genera, all 

picornaviruses share fundamental features of virion structure. The 

picornavirus capsid is composed of equimolar amounts of at least four 

major polypeptide species named in order of increasing 

electrophoretic mobility: VPl or alpha (Mol. wt 35.5 +/- 1.5 x 1 0=),



VP2 or p (mol.wt. 30.0 +/- 1.0 x ICp), VP3 or 'r (mol.wt. 25.0 +/- 2.0 x 

10^) and VP4 or 5 (mol.wt. 8.0 +/- 2.0 x 10^) (Putnak and Philips, 1981). 

Comparison of the molecular weights of the four capsid polypeptides with 

the protein mass of the virion indicates that there are 60 copies of the 

major capsid proteins in the virion. Highly purified preparations of most

picornaviruses also contain an additional polypeptide, VPO, at a level

equivalent to one or two copies per virion. VPO is the uncleaved precursor 

of VP2 and VP4 (Kitamura et al., 1981).

Attempts to determine how these proteins could be assembled into 

an icosahedral particle have been made using controlled degradation (with 

physical and chemical agents), surface labeling and chemical cross-

linking. Several different models have been proposed (Dunker and Rueckert, 

1971; Talbot and Brown, 1972; Philipson et al., 1973)

Thermal dissociation of cardioviruses such as ME virus or

mengovirus leads to the release of infectious RNA and the formation of 

homogeneous 13-14S substructures containing equimolar proportions of VPl, 

VP2 and VP3. VP4 and VPO form an insoluble precipitate under the conditions 

used (Dunker and Rueckert, 1971). The 13-145 particles can be further

degraded by treatment with 2M Urea to yield homogeneous 58 substructures 

composed of a single copy each of VPl, VP2 and VP3. Although neither of 

these species has a direct parallel within infected cells, it was proposed 

that the 55 particle represents the fundamental morphological subunit of 

the mature virion. In this scheme five such particles or protomers are 

linked by hydrophobic interactions (disrupted by 2M Urea) into aggregates 

or pentamers (145 particles). A single pentamer is located at each of the 

twelve vertices of a simple icosahedron. Each 55 particle has an estimated 

molecular mass of 86 x 10^ and a diameter of 68A (Mak et al., 1974), in 

good agreement with the earlier prediction based on X-ray diffraction data. 

The results of studies using protein cross-linking agents in conjunction 

with controlled degradation suggest that, for mengovirus, VP1-VP2 bonds



form the primary stabilising contacts between neighbouring pentamers and 

that VP1-VP1 bonds are involved in protomer-protomer interactions within 

pentamers (Horden et al., 1979).

Acid dissociation of apthoviruses yields 12S particles composed of 

three copies each of VPl, VP2 and VP3. This result is consistent with the 

protomer model if it is assumed that the acid labile bonds are aligned

along the boundaries of the twenty icosahedral faces (Talbot and Brown, 

1972). However, the products of analogous treatments of the acid stable

enteroviruses are qualitatively different.

Treatment of coxsackievirus B3 with alkaline urea results in the 

release of VP4, probably as a monomer, and the formation of 55

substructures composed of VP2 and 205 substructures containing VPl and VP3

(Philipson et. al., 1973). Controlled alkaline degradation of poliovirus

type 1 leads to the stepwise release of VP4 and VP2 (Katagiri et al. 1971). 

These results suggest that the enteroviruses, at least, are composed of a 

stable matrix of VPl and VP3. A close association between VPl and VP3 has

been confirmed, for poliovirus type 1, by treatment of virions with

bifunctional cross-linking reagents.

Chemical modification of intact poliovirions by lactoperoxidase 

catalysed iodination of surface directed tyrosine residues (Beneke et al., 

1977) or acétylation of amide groups with acetic anhydride (Lonberg-Holm 

and Butterworth 1976) have shown that VPl is prominently expressed on the 

surface of the virion. VP2 and VP3 were less accessible for surface

labelling than VPl. VP4 could not be modified in intact virions and was

therefore assumed to occupy an internal location. Similar results have been 

obtained for foot-and-mouth-disease virus (Talbot et al.,1973), mengovirus 

(Lund et al., 1977), and bovine enterovirus (Carthew and Martin, 1974).

The three dimensional structure of the Mahoney strain of 

poliovirus type 1 has recently been solved to high resolution using X-ray 

crystalography (Hogle et al., 1985). The conformation of capsid proteins
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Fig. 1. 1.
Core Structure of Poliovirus Capsid Proteins.

Simplified diagram showing the structurally conserved core of 
the poliovirus capsid proteins, VPl, VP2 and VP3. The core is 
composed of an eight-stranded, anti-parallel beta-barrel 
flanked by two alpha-helices. Strands G, D, I and B make up a 
large, twisted beta-sheet which forms the front and bottom 
surfaces of the beta-barrel. Strands C, H, E and F make up a 
smaller beta-sheet which forms the back surface of the beta- 
barrel. The strands forming the front and back surfaces are 
joined by short connecting loops so that the barrel is wedge- 
shaped .
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VPl, VP2 and VP3 are remarkably similar. Each is composed of a common core 

structure consisting of an eight stranded anti-parallel p-barrel with two 

flanking a-helicesj. Four strands (B, D, I and G in fig 1.1.) make up a 

large, twisted p-sheet which forms the front and bottom surfaces of the 

p-barrel. Four shorter strands (C, H, E and F) make up a flatter p-sheet 

which forms the back surface of the p-barrel. The strands forming the front 

and back surfaces of the p-barrel are joined at one end by short connecting

loops so that the overall structure is wedge shaped.

Each of these capsid proteins have unique N-terminal and

C-terminal extensions. They also have different sets of internal 

insertions. The largest insertion of VPl (residues 207-237 from the 

N-terminus) connects strand G at the back of the p-barrel with strand H at 

the bottom. The largest insertion of VP2 (residues 127-185) connects strand 

E at the back of the p-barrel with the flanking a-helix. The most 

significant insertion of VP3 (residues 53-69) connects the N terminal

extension with strand B at the bottom of the p-barrel. The C-terminal

extensions and internal insertions are located at the top of the p-barrel. 

The N-terminal extensions are located at the bottom of the p-barrel.

In contrast to the compact structures obtained for the other three 

capsid proteins, VP4 has a more extended conformation. VP4 is similar in

position and conformation to the N-terminal strands of VPl and VP3. It is

best considered as the detatched N-terminal extension of VP2 rather than as 

an independent capsid protein.

Fig. 1.2. shows the position and orientation of the three major

capsid proteins at ^he icosahedral surface. The subunits indicated show 

extensive inter-protein interactions. These form a unit which probably 

corresponds to the protomer substructure identified by degradation studies 

of cardioviruses (Dunker and Rueckert, 1971). The VPl subunit of the 

protomer is positioned so that the thin end of its wedge-shaped p-barrel is 

directed towards the five-fold axis of symmetry. The thin ends of the VP2





Fig. 1. 2.
Orientation of the Poliovirus Capsid Proteins 

on the Surface of the Virion.

Diagram showing the position and orientation of the poliovirus 
capsid proteins on the icosahedral surface of the virion. Each 
capsid protein is folded into a wedge-shaped beta-barrel. The 
closed end of the VPl barrel is located near the 5-fold axis of 
symmetry. The closed ends of the VP2 and V P 3 barrels alternate 
around the 3-fold axis. The proteins indicated probably 
represent a 'protomer' subunit generated by cleavage of a 
single Pl-la precursor molecule.
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and VP3 p-barrels alternate around the three-fold axis of symmetry.

The packing and orientation of the capsid proteins are such that 

two prominent sets of surface projections are produced. A pronounced 

outward tilt at the closed ends of the VPl p-barrel results in the

formation of a ribbed peak at the five-fold axis of symmetry. The upper 

surface of the VPl p-barrel forms the slope of the peak and the broad moat 

that surrounds it. The uppermost three loops of the B-barrel (residues 

96-104, 245-251 and 142-152) are exposed at the summit. The top loop

(residues 96-104) twists away from the surface so that it is particularly

well exposed. The outward tilts at the closed ends of VP2 and VP3 are less

well pronounced. The outermost two loops (residues 72-75 and 240-244 in VP2 

and residues 75-81 and 196-206 of VP3) are exposed at the surface forming a 

plateau at the three-fold axis. The plateau is broadened by two sets of

outward projections. The larger projection is formed by the internal

insertion in VP2 (residues 127-185) and by residues 207-237 and 271-295 of 

VPl.

The interior surface of the capsid is formed by the bottom

surfaces of the p-barrels of VPl, VP2 and VP3, by VP4 and by the N-terminal 

extensions of VPl, VP2 and VP3. Extensive interactions between VPl and VP3 

are seen within protomers. The N-terminal extensions also form a network 

which links 5-fold related protomers to form pentamers. The N-termini of 

five subunits of VP3 intertwine about the five-fold axis forming a five

stranded tube of extremely twisted parallel p-sheet structure. The viral

RNA appears to be spatially disordered within the interior of the virion.

The high resolution structure of human rhinovirus type 14

(Rossmann et al., 1985) is very similar to that obtained for poliovirus

type 1. This is consistent with the high degree of sequence homology

observed between these two viruses. The positions and interactions of the 

individual capsid proteins have implications for virion antigenicity and 

morphogenesis which will be discussed in section 1.4.2 and section 1.5.5. 

respectively



12

1.3.2. Genome Organisation.

The picornavirus genome is a single stranded, unsegmented molecule 

of 2.6 X 10^ molecular weight, or approximately 7,400 nucleotides in 

length'. Complete nucleotide sequences have been derived for representative 

strains of all three serotypes of poliovirus (Racaniello and Baltimore, 

1981a; Kitamura et al., 1981; Stanway et al., 1983; Toyoda et al., 1984), 

and human rhinovirus type 14 (Stanway et al., 1985). The sequence of the 

coding region has been determined for EMCV (Palmenberg et al., 1984) and 

FMDV type A^^GI (Carrollet al., 1984). The genome structure is analogous to 

that of a typical eukaryotic messenger RNA and can be considered as three 

functional sections:

1) a 5' non-coding region comprising 10-15% of the molecule

2) a coding region comprising approximately 90% of the genome

3) a 3' non-coding region of between 30 and 80 bases

1) The 5' non-coding region. Unlike all eukaryotic mRNAs so far 

examined, picornavirus genomes do not possess a m^GpppG cap structure at 

the 5' end (Nomoto et al., 1976). Instead, these viruses have a small, 

basic, viral-coded protein (VPg) covalently linked to the 5' terminal 

uridylate via a phosphdiester bond (Petterson et al., 1977; Nomoto et al., 

1977a,b; Sangar et al., 1977; Rothberg et al., 1978). VPg is not required 

for translation and has * recently been implicated in the initiation of 

transcription where it is believed to serve as a primer for the viral coded 

RNA polymerase (see section 1.5.4.).

The 5' non-coding regions of aphthoviruses and cardioviruses 

contain an internal poly(C) tract which is not present in enteroviruses or 

rhinoviruses (Brown et al., 1974; Porter et al., 1974). In the
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aphthoviruses this tract occurs approximately 400 nucleotides from the 5' 

terminus and varies between 100 and 200 nucleotides in length (Harris and 

Brown, 1977; Rowlands et al., 1978; Black et al., 1979). In EMCV the 

poly(C) tract occurs approximately 150 nucleotides (Porter et al., 1974). 

The function of these poly(C) tracts is not known. There is some 

speculation that they may be involved in encapsidation of the genome.

The 5' non-coding region of the poliovirus genome is unusually 

long and could conceivably encode one or more small peptides not yet 

identified. In poliovirus type 1, eight AUG codons were observed upstream 

of the translational start at N741 (Kitamura et al., 1981; Racaniello and 

Baltimore, 1981). Three of these were conserved in poliovirus type 2 and 3, 

at N318, N455 and N584 (Toyoda et al., 1984). However the length of the 

reading frames they establish was not conserved. Furthermore the peptides 

encoded show little homology, it is therefore unlikely that peptides which 

function in viral replication are produced from this 5' region.

In poliovirus type 1 there is a stable hairpin within the 5' 

terminal 85 nucleotides (Larsen et al., 1981). Only one mutation was 

observed between poliovirus type 1 and 3 in the first 54 nucleotides (N22 

in poliovirus type 1) and this did not affect the stability of the hairpin 

loop (Stanway et al., 1983). Poliovirus type 2 shows two differences from 

poliovirus type 1 in this region, and one of these differences (N28 in 

poliovirus type 1) reduces the stability of the hairpin loop (Toyoda et 

al., 1984).

2) The manor open reading frame. Early studies of protein 

synthesis in poliovirus infected HeLa cells revealed that a greater number 

of proteins were produced than could be accounted for by the total coding 

capacity of the genome (Summers et al., 1965). However, pulse chase 

experiments and tryptic peptide analysis soon revealed a precursor/product 

relationship between certain viral proteins (Jacobson et al., 1970). 

Following treatment of cells with zinc (Butterwoth and Korant, 1974), amino
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acid analogues (Jacobson and Baltimore, 1968) or protease inhibitors 

(Korant, 1972), a large protein of approximately 220 x 10^ molecular weight 

was detected. This protein (NVPOO) represented 90% of the coding capacity 

of the genome.

These results were consistent with a model in which translation 

was initiated at a single site near the 5 ' terminus, resulting in the 

synthesis of a precursor polyprotein from which functional viral specific 

proteins were derived by proteolytic cleavage. Nucleotide sequence data has 

confirmed that picornaviral genomes contain a single, long open reading 

frame (Kitamura et al., 1981; Racaniello and Baltimore., 1981a; Stanway et 

al., 1983; Carrollet al., 1984; Palmenberg et al., 1984).

The relative gene order of the products of proteolytic cleavage 

was determined for poliovirus by pulse chase experiments carried out in the 

presence of pactomycin, an inhibitor of the initiation of translation. The 

basis of this technique was that the amount of radiolabel incorporated into 

polypeptides, various times after the inhibition of translation, would 

depend on the distance from the translational start. These studies revealed 

that viral capsid proteins mapped at the N-terminus of the polyprotein and 

the catalytic functions, such as the viral polymerase and the protease 

activities mapped at the carboxy terminus.

Fig. 1.3. represents the biochemical map produced for poliovirus 

by combining the results of pactomycin mapping (Rekosh et al., 1970; 

Summers and Maizel, 1971; Taber and Baltimore, 1971; Butterworth, 1973), 

tryptic peptide analysis of the relationship between precursor and mature 

proteins (Jacobson and Baltimore, 1968; Jacobson et al, 1970; Rueckert et
i

al, 1979), partial sequencing of polypeptides ( Semler et al., 1981a,b; 

Larsen et al., 1982; Emini et al., 1982) and nucleotide sequence studies 

(Kitamura et al., 1981., Racaniello and Baltimore., 1981; Stanway et al., 

1983; Toyoda et al., 1984).
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Fig. 1. 3.
Protein Processing Map of Poliovirus.

The polyprotein is divided into three regions (Pl, P2 and P3). 
Amino acid pairs (sites) known to be cleaved are indicated by 
filled symbols, apparently uncleaved sites by open symbols.

Glutamine Glycine (Q.G)

Tyrosine Glycine (Y.G)

Asparagine Serine (N.S)

The numbers given refer to estimated molecular weights (in SDS 
PAGE). Figure from Pallansch et al., 1984.
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The biochemical maps derived for HRV 14, FMDV and EMCV are similar 

to that of poliovirus, but the proteolytic processing does show some 

differences. Notably, translation of the FMDV polyprotein occurs at two 

alternative initiation sites upstream of the capsid encoding region, 

creating leader peptides (Beck et al., 1983). The EMCV polyprotein also

possesses a 5' leader sequence (Palmenberg et al., 1984).

3) The 3' non-coding region. The termination codon of the major 

open reading frame is followed by a short, untranslated region. The length 

of this region is variable between genera, but is highly conserved in 

length and sequence between closely related viruses. The 3' non- coding 

region of poliovirus type 1 is 72 nucleotides in length and is totally 

conserved in poliovirus type 3 (Stanway et al., 1983). Two nucleotide 

differences were observed between poliovirus types 1 and 2 (Toyoda et al.,

1984).

Picornaviral genomes possess a 3' terminal poly(A) tract of 50-100 

nucleotides (Fellner, 1979) which is required for infectivity (Spector and 

Baltimore, 1974). Removal of poly(A) from the viral RNA had no effect on 

translation, suggesting a role for the poly(A) tract in transcription 

(Spector et al., 1975).

Unlike eukaryotic mRNAs, picornavirus genomes (with the exception 

of EMCV) do not contain the universal polyadenylation signal, 5' AAUAAA 3', 

at the 3' terminus. The observation that the -ve sense strand of the 

replicative intermediate has a 5' poly(U) tract suggests that the poly(A)

tract of the +ve sense strand is template coded
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1.4. Antigenicity and Neutralisation of Picornaviruses.

The human polioviruses are currently classified into three stable 

serotypes (types 1, 2 and 3) on the basis of their neutralisation reactions 

with immune- sera. Each serotype is defined by the inability of antisera 

raised against the other two serotypes to completely neutralise 

infectivity. Serologically distinct strains within the serotypes have been 

identified using specific antisera prepared by cross absorption with 

heterologous strains (van Wezel and Hazendonk, 1979) or, more_recently 

using monoclonal antibodies (Ferguson et al., 1982).

The antigenicity of foot and mouth disease viruses and the human 

rhinoviruses have also been studied in great detail. There are seven 

serotypes of FMDV (types A, 0, C, SAT1, SAT,2, SAT,3 and Asial) and over 115 

serotypes of human rhinovirus. Antigenic variation is also more marked and 

clinically significant in the foot and mouth disease viruses than the 

polioviruses.

1.4.1. D and C antigenicity.

Supernatant media harvested from poliovirus infected cells contain 

two antigenically distinct populations of particles (Mayer et al., 1957; 

Minor et al., 1980). Intact infectious virions sedimenting at 155S in 

sucrose gradients show D antigenicity. Empty capsids or procapsids, 

sedimenting at 80S, express an alternate set of surface determinants 

designated C antigen.

Following treatment with heat (56°C), U.V. irradiation or chemical 

agents infectious virions lose their D antigenicity and acquire c 

antigenicity. The antigenic shift following mild dénaturation can be 

considered a general property of picornavirions (Rueckert, 1976). It is 

accompanied by loss of ability to adsorb to host cells, a decrease in the
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sedimentation rate and elution of VP4 from the particle. The internal 

location of VP4 in intact virions (Hogle et al., 1985; Rossmann et al.,

1985) suggests that loss of VP4 involves a profound conformational change. 

The observation that surface labelling of denatured virions labels VP2 and 

VP3 rather than VPl supports this conclusion (Longberg-Holm and 

Butterworth, 1976). A similar conformational shift is observed during

natural infection. Particles with C antigenic character which lack

infectivity are eluted from cells following adsorption at physiological 

temperature ( Joclik and Darnell, 1961; Longberg-Holm et al., 1975). These 

particles ( A part i d e s )  also lack VP4.

The antigenic differences between infectious poliovirions and 

empty capsids have been investigated using monoclonal antibodies. Ferguson 

et al. (1984) produced a large number of hybridoma cell lines secreting 

monoclonal antibodies raised against infectious particles of several 

poliovirus type 3 strains. These were assayed for virus neutralising 

activity and their ability to bind purified D and C antigen in an

autoradiographic single radial diffusion assay. Monoclonal antibodies which 

reacted specifically with D antigen or C antigen were identified. There was 

also evidence for common antigenic determinants between infectious virions 

and empty capsids.

Only a proportion of the antibodies which bound purified virus 

particles were able to neutralise infectivity. Eight out of nine antibodies 

which reacted with both C and D antigen neutralised a wide range of type 3 

strains. Twenty-five antibodies bound exclusively to D antigen and nineteen 

of these had neutralising activity, although often at low titre. The D 

specific antibodies generally reacted with only a narrow range of type

three strains.

It has generally been assumed that antibodies raised against C 

antigen are non-neutralising. It was therefore surprising that one of 

twenty-five C specific antibodies showed neutralising activity. Detailed
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studies on this antibody suggested that the mechanism of neutralisation was 

unusual in that it did not prevent the initial infection of cells but acted 

at a late stage in infection, possibly inhibiting the release of infectious 

virus from cells. Blondel et al. (1983) isolated a neutralising antibody 

raised against poliovirus type 1 C antigen. This antibody bound infectious 

virions and denatured particles in an immune precipitation assay. Again it 

was unusual in that it also bound purified VPl.

1.4.2. Characteristics of the Antigenic Determinants of Picornaviruses, —  ' " ~  \

A number of approaches have been used to identify the antigenic 

determinants involved in the neutralisation of picornaviruses. Studies 

involving immunisation with purified capsid proteins have, in general, been 

of limited use because the conformation of the individual capsid proteins 

and their relationship to each other within the virion are major factors in 

the antigenicity of picornaviruses (Thorpe et al., 1982; Ferguson et al.,

1984). Nonetheless, early studies with FMDV revealed that VPl purified from 

infectious virions was sufficiently immunogenic to induce a significant 

neutralising antibody response in animals, whereas the other three viral 

polypeptides had no such activity (Laporte et al., 1973; Bachrach et al., 

1975). Similarly immunisation of cattle with VPl expressed from cloned cDNA 

as a fusion protein in E .coli could provide protective immunity (Kleid et 

al., 1981).

In contrast with the results obtained with foot and mouth disease 

virus, the induction of neutralising antibody has been reported for each of 

the three major capsid proteins (VPl, VP2 and VP3) of poliovirus type 1 

(Chow and Baltimore, 1982; Wiegers and Dernick, 1983; Dernick et al., 1983; 

van der Marel et al, 1983). However the titre of neutralising antibody 

obtained in each case was very low. Attempts to further define the 

neutralising antigens of picornavirions have involved more sophisticated 

techniques.
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Strohmaier et al. (1982) prepared specific fragments from the 

purified VPl of foot and mouth disease virus OIK using chemical or enzymic 

cleavage. The fragments were identified by sequencing the termini and 

tested for immunogenicity in mice. The results indicated that at least two 

antigenic sites were located in the carboxy terminal third of VPl, between 

residues 146-154 and 201-213.

The availabilty of the complete nucleotide sequences of

representative strains of each of the three serotypes of poliovirus and 

several serotypes and subtypes of FMDV has allowed the identification of 

potential antigenic sites. Regions of high local hydrophilicity can be 

predicted from primary sequence by the method of Hopp and Woods (1981). It 

has been argued that such regions are more likely to be exposed at the 

virion surface and may therefore be available for interaction with the 

immune system. Alternatively specific sites have been implicated by 

evidence of high sequence variation between serotypes or subtypes on the 

grounds that some of the differences observed could be the result of immune 

selection. Chemically synthesised peptides corresponding to regions of 

potential immunogenicity have been tested for the ability to induce 

neutralising antibody, following linkage to a suitable carrier protein.

For FMDV this approach has been quite successful. Synthetic

peptides spanning amino acid residues 141-160, 200-213 (Bittle et al, 1982)

and 144-159 (Pfaff et al., 1982) of VPl each stimulated a high titre

neutralising antibody response. These sites had previously been implicated

by the more empirical approach of strohmaier et al. (1982). Peptides

corresponding to other theoretically promising regions did not induce a
measurable level of neutralising antibody.

The same approach has been used to identify antigenic sites of 

poliovirus type 1. Several peptides have been shown to induce neutralising 

antibodies in animals (Emini et al., 1983c; Emini et al., 1984; Jameson et

al., 1985; Chow et al., 1985). These map to six separate regions of VPl.
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Table 1.2.

Antigenic Sites of Poliovirus Identified using Synthetic Peptides 

A. Peptides Inducing as Neutralising Antibody Response

Site Peptide Reference Location in intact virion

VPl 61-80 Chow et al., 1985 Deeply buried

VPl 86-103 
VPl 91-109 
VPl 100-109 
VPl 93-103

Chow et al., 1985 
Chow et al., 1985 
Chow et al., 1985 
Chow et al., 1985

Exposed

VPl 141-147 Jameson et al., 1985 Exposed

VPl 161-173 
VPl 165-172 
VPl 161-181

Emini et al., 1984 Partially exposed 
Jameson et al., 1985 
Chow et al., 1985

VPl 182-201 Chow et al., 1985 Deeply buried

VPl 222-241 Chow et al., 1985 Exposed

B Peptides Inducing a 'Priming' Response

Site Peptide Reference Location in intact virion

VPl 11-17 Emini et al., 1983c Deeply buried

VP2 162-173 Emini et al., 1984 Exposed
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An additional site of VPl and a site of VP2 have been implicated by the 

ability of peptides to 'prime' animals for a high titre neutralising 

antibody response following subsequent challenge with a sub-immunising dose 

of infectious virions (Emini et al., 1983c; Emini et al., 1984; Jameson et 

al., 1985). The results of these studies are summarized in table 1.2.

It should be noted that the methods used in these studies were 

more sensitive than standard clinical assays (Domok and Magrath, 1979). The 

synthetic peptides like the purified structural proteins are very poorly 

immunogenic. This approach has failed to identify any sequence which is 

capable of inducing high titres of neutralising antibody against 

poliovirus. Interpretation of these results is further complicated by the 

observation that several of the proposed antigenic sites (indicated in 

table 1.2.) are deeply buried in the interior of the virion (Hogle et al., 

1985; Rossman et al., 1985). This suggests that peptides can assume 

conformations in solution which resemble completely unrelated antigenic 

sites or that antibodies made against free peptides can react during 

breathing of the particle.

The observation that viral variants resistant to specific 

monoclonal antibodies can be obtained at high frequency has allowed the 

development of an alternative strategy for the definition of antigenic 

sites of poliovirus. Mutants resistant to specific antibodies were obtained 

at a frequency of -2.9 to -5.0 loglO PFU per wild type PFU (Minor et al., 

1983) .

213 mutants derived from P3/Leon/37, the virulent progenitor of 

the poliovirus type 3 vaccine strain, could be assigned to 1€ groups on the 

basis of the pattern of their neutralisation reactions with a panel of 12 

neutralising monoclonal antibodies (Minor et al., 1983; Evans et al., 1983; 

Minor et al., 1985). Each mutant was resistant to at least three and often 

eight or more antibodies other than the one used to select it and groups of 

mutants existed which were resistant to any given pair of antibodies. These
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results suggested that the 12 monoclonal antibodies recognised functionally! 

distinct epitopes of a single antigenic site.

The TI oligonucleotide fingerprints of viruses from three of the

mutant groups showed one spot to be altered. The sequence of this

oligonucleotide was determined and assigned to a position within the viral 

RNA encoding VPl by comparison with the previously determined sequence of a 

type 3 poliovirus (Stanway et al., 1983). Representative strains from each 

mutant group were sequenced in this region, directly from the viral RNA by 

primer extension (Evans et al., 1983; Minor et al,, 1985). Single amino 

acid substitutions were observed for viruses from each mutant group in the 

sequence 91 to 100 residues from the N-terminus of VPl.

Subsequently it was shown that 129 mutants derived from the Sabiri 

type 3 vaccine strain, P3/Leon/12a1b, could be assigned to 15 mutant groups 

(Minor et al., 1985). Viruses from 12 of the 15 groups contained single

amino acid substitutions located between residues 89 to 100 of VPl. In all

cases where the same amino acid substitutions were observed in mutants 

derived from P3/Leon/37 and mutants derived from P3/Leon/12a1b identical 

patterns of resistance were obtained. This provided convincing evidence 

that the mutations observed conferred resistance to neutralisation.

The region 89 to 100 residues from the N-terminus of VPl was 

designated antigenic site 1. Evidence for a second^ independent antigenic 

site was obtained using a highly strain specific monoclonal antibody. 

Monoclonal antibody 138 neutralised P3/Leon/12a1b but not P3/Leon/37 or 

other strains (Ferguson et al., 1982). It was shown that mutants of 

P3/Leon/12a1b resistant to members of the panel of 12 monoclonal antibodies 
were fully sensitive to 138. Conversely mutants resistant to 138 were 

sensitive to all monoclonal antibodies directed against site 1. The site 

recognised by 138 was assigned to a position towards the C-terminus of VPl 

using recombinant polioviruses constructed via cDNA for this thesis (see 

Chapter 6) and by sequencing variants resistant to 138. These results
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implied that 138 recognised a strain specific site, designated site 2, 

located 285 to 287 residues from the N-terminus of VPl. Of 26 neutralising 

monoclonal antibodies generated for this study 25 were directed against 

site 1 and only 1 recognised site 2. Site 1 was therefore considered to be 

immunodominant.

Emini et al. (1983) identified 7 distinct neutralisation epitopes 

of the Mahoney strain of poliovirus type 1 using a panel of neutralising 

monoclonal antibodies. These were assigned to two independent antigenic 

sites of VPl on the basis of the binding of the antibodies to synthetic 

peptides in ELISA (Emini et al., 1983b). These were located between

residues 70 to 80 and 93 to 103 from the N-terminus of VPl. Variants

resistant to the type 1 monoclonal antibodies were sequenced through the 

capsid encoding region (Diamond et al., 1985). Single amino acid 

substitutions were observed for each variant but in no case did the 

mutations map within the proposed antigenic site. These authors concluded 

that mutations conferring resistance need not occur within the site 

involved in the binding of neutralising antibody. It was argued that

mutations distant from the antigenic site could affect its capacity to bind

neutralising antibody by inducing a conformational change.

The neutralising antigens of poliovirus are to some extent 

conformational antigens in that they are not entirely determined by primary 

sequence (Thorpe et al., 1982; Ferguson et al., 1984). Mutations affecting 

the quarternary organisation of the capsid proteins could indeed alter the 

presentation of an antigenic site. However such changes would probably have 

a pleiotropic effect on viral replication. It is therefore unlikely that 

this would be the most frequent mechanism by which a virus escapes 

neutralisation. Furthermore it has recently been shown that one of the 

proposed antigenic sites of VPl (residues 70 to 75) is deeply buried within 

the virion and probably in association with the RNA (Hogle et al., 1985; 

Rossman et al.,1985).
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Mutations conferring resistance to the type 1 monoclonal 

antibodies were observed in VPl (residues 221-223), in VP2 (residue 270) 

and VP3 (residues 60 and 71). Each of these sites is exposed on the surface 

of the virion. The interpretation that these mutational loci represent the 

sites to which the antibodies bind now seems more likely.

Minor and co-workers have recently extended their work to 

poliovirus types 1 and 2 (P. D. Minor, personal communication.). Poliovirus 

type 2 is similar to poliovirus type 3 in that mutations conferring 

resistance to five out of seven type 2 specific monoclonal antibodies are 

clustered within the region 96 to 102 residues from the N-terminus of VPl. 

The results obtained with poliovirus type 1 are in good agreement with 

those reported by Diamond et al. (1985). By the criteria used for the type 

3 mutants, monoclonal antibodies raised against poliovirus type 1 fell into 

four distinct groups. Subsequent sequencing studies revealed that one group 

has mutations in VP3 (at residues 58, 59, 60 and 71) and a second group has 

mutations in VPl at residues 220 and 222) or in VP2 at residues 169 and 

170). The mutations in the remaining groups have not yet been characterized 

but they are known to be outside VPl. The antigenic structure of poliovirus 

type 1 is therefore strikingly different to poliovirus type 2 and type 3.

Using an approach analogous to that of Minor et al. (1983), 

antigenic variants of human rhinovirus type 14 have been isolated and 

characterised (Sherry and Rueckert, 1984; Scherry et al., 1985). Four major 

antigenic sites were identified. These were defined by mutations in VPl 

(residues 93 and 95), VP3 (residues 72,79 and 78), VP2 (residues 158-162) 

and VPl (residues 83, 89, 138 and 139). The first of these sites

corresponds to site 1 of poliovirus type 3 and the second site corresponds 

to the VP3 site of poliovirus type 1.
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1.4.3 Neutralisation.

Dulbecco et al. (1956) observed that the kinetics of 

neutralisation of poliovirus was first order. This result was interpreted 

in terms of a critical site mechanism in which binding of a single antibody 

to any one of a number of critical sites is sufficient to inactivate 

infectivity of the virus particle. It was subsequently shown that the pi 

(isoelectric pH) of poliovirus is lowered from 7.0 to between 4.0 and 5.5 

after dénaturation of virus by mild heating or after treatment with 

neutralising antibody (Mandel 1976, 1978). Mandel (1978) hypothesised that 

binding of neutralising antibody induced a cooperative transition in the 

orientation of the capsid subunits, stabilising the virions in a 

biologicaly inactive conformation.

Recently it was reported that the pi shift could also be induced 

by neutralising monoclonal antibodies (Emini et al., 1983; Icenogle et al., 

1983). First order neutralisation kinetics were observed but an average of 

four bound antibodies were required to neutralise the virus. Treatment of 

virion-antibody complexes with papain to generate monovalent F(ab) 

fragments resulted in reversal of neutralisation. Neutralisation could be 

restored by treatment of the latter complexes with anti-mouse IgG. These 

results suggested that bivalent attatchment of antibody is essential for 

neutralisation.

Individual neutralising monoclonal antibodies which do not conform 

to this model have been isolated (Icenogle et al., 1983; Emini et al., 

1983; Brioen et al 1983). The mechanism of neutralisation by one of these 

antibodies has been investigated (Brioen et al., 1983). This antibody 

caused polymerisation of the virions as observed by sucrose gradient 

centrifugation and electron microscopy. Monomeric virions remaining after 

neutralisation retained full infectivity whilst the specific infectivities 

of dimers^ trimers and higher polymers decreased in that order.
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1.5. The Infectious Cvcle.

1.5.1 Viral Penetration.

The initial event in picornaviral infection is the adsorption of 

virus to specific cellular receptors located at the cell surface. This 

interaction is mediated by a virion attatchment protein (VAP)occurring -in 

multiple copies on the capsid surface. One VAP binds to a complementary 

structure on the external surface of the plasma membrane (the cellular 

receptor). Adsorption is reversible under certain salt and pH conditions. 

The virus then penetrates the cell membrane and becomes inaccessible to 

neutralising antibody. Virus may be recovered at this stage by dissociation 

of the virus-receptor complex with non ionic detergents ;. Penetration is 

followed by modification of the virion which leads to eclipse of 

infectivity and facilitates the release of viral RNA or uncoating. Viral 

eclipse is defined as an irreversible step which occurs at 37®C and is 

characterized by loss of ability to recover infectious particles (Fenwick 

and Cooper, 1962; Holland, 1962). Uncoating of the viral genome is 

distinguished by attainment of RNase sensitivity of the viral RNA ( Joklik 

and Darnell, 1961) and loss of photosensitivity of virus labelled with 

acridine dyes (Schaffer and Hackett, 1963).

The successful identification of the components of bacteriophages, 

adenoviruses and enveloped viruses which are involved in receptor 

recognition has stimulated investigation of the functional topology of 

picornaviruses. Any one of the four capsid proteins of picornaviruses could 

function as the virion attachment protein. Early studies implicated VP4 

because this protein was lost during in-vitro conversion of picornavirions 

to sub-viral particles which were unable to adsorb to susceptible host 

cells. However it was subsequently shown that VP4 occupies an internal 

location in the native virus. These studies revealed that VP1 is
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prominently expressed on the surface of the virion. Treatment of 

aphthoviruses with trypsin destroys their ability to attatch to host cells. 

Since only VP1 is cleaved by this treatment it may be considered to be the 

attachmenti protein.

The 3-dimensional structures of human rhinovirus type 14 and the 

Mahoney strain of poliovirus type 1 have recently been solved to high 

resolution using X-ray crystallography (Rossman et al., 1985; Hogle et al.,

1985). One of the most prominent features of the capsid surface is a 25A 

deep 'moat' or 'canyon' which surrounds each of the twelve pentamer 

vertices. It has been argued that this structure is involved in receptor 

recognition (Rossman et al., 1985). The proposed receptor binding site may 

be protected from immune selection because antibody molecules would have 

difficulty in entering the canyon. A protected sialic acid binding site has 

been observed in the neuraminidase spike of influenza virus (Colman et al., 

1983; Varghese et al., 1983). Viruses which attach to different receptors 

(see below) would be expected to show variation in the residues lining the 

canyon. It is noteworthy that the carboxy terminal ends of VP1 and VP3 

which line the canyon are among the least conserved regions of 

picornaviruses.

Concanavalin A, a lectin which is able to bind D-glucose and 

D-mannose pyranosides, has been shown to interfere with the replication of 

coxsackievirus B3 (Krah and Crowell, 1985), HRV and poliovirus 

(Lonberg -Holm, 1975). The tertiary structure of concanavalin A (Argos et 

al., 1980) is very similar to VP1 of HRV 14 and poliovirus type 1. It has 

therefore been hypothesised that the lectin competes with these viruses for 

a specific polysaccharide involved in receptor recognition. The functional 

sugar binding site of concanavalin A has been identified (Argos et al., 

1980). The homologous region of VP1 of HRV 14 corresponds to an antigenic 

site which lies on the rim of the canyon and encompasses amino acids 89-139 

from the N-terminus
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Table 1.3.

Classification of Picornaviruses into Receptor Groups 

Based on Interference of Viral Attachment

Virus
Interference of attachment of virus immunotypes 

Polio 1-3 Cox B1-6 Cox A21 HRV-14 HRV-2

Polio 1-3

Cox B1-6

Cox A21

HRV-14

HRV-2'

1. HRV-14 also inhibits attachment of HRV-3, -5, -15, -39, -41 and -51.

2. HRV-2 also inhibits attachment of HRV-1A and HRV-IB
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The importance of cellular receptors as major determinants of 

susceptibility of cells to picornaviruses was first demonstrated by 

Holland and co-workers (Holland and McLaren, 1959; Holand et al 

1959a,b; Mclaren et al, 19691 Holland and Hoyer, 1962). These studies 

revealed that cells not normally susceptible to poliovirus could 

support a single round of infection following transfection with viral 

RNA whereas infection with intact virus needed the presence of specific 

receptors. The observation that virus in high titre could saturate the 

available receptors on a susceptible cell population has allowed 

classification of picornaviruses into specific receptor groups (Crowell 

and Landau, 1903). It has been shown that the three serotypes of 

poliovirus compete for the same receptor. Similarly the six group B 

coxsackieviruses compete for a single receptor which is distinct from 

the poliovirus receptor. The human rhinoviruses have been classified 

into two additional receptor groups (see table 1.3). It is of interest 

that HRV 14 and coxsackievirus A21 compete for the same receptor 

(Lonberg-Holm et at, 1976). These two viruses cause identical upper 

respiratory tract infections and may therefore share a common tissue 

tropism mediated by the virus receptor interaction.

Virus saturation experiments have shown that the number of 

receptor sites per cell varies from about 3x10= for poliovirus 

(Lonberg-Holm and Philipson, 1974) to about 10® for coxsackievirus B3 

(Crowell, 1966). About 10"* to 10* sites were found for human 

rhinoviruses (Lonberg-Holm and Korant, 1972). Attempts to characterise 

picornaviral receptors have involved definition of those enzymic 

treatments, physical conditions and chemical reagents that inactivate 

or inhibit the adsorption of virus (Crowell and Landau, 1983). These 

suggest that the cellular receptors for picornaviruses are integral 

membrane glycoproteins. Receptors for polioviruses and group B coxsacki 

viruses are inactivated by trypsin and chymotrypsin respectively. 

Regeneration of cellular receptors is prevented by treatment
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with inhibitors of cellular protein synthesis such as puromycin and 

actinomycin D (Levitt and Crowell, 1967). Furthermore the capacity of

receptors to bind virus is greatly inhibited by conditions that control the 

ionic charges of proteins. Evidence that the receptors are glycoproteins 

is provided by the observation that concanavalin A competes with 

coxsackievirus B3 for receptors on HeLa cells (Krah and Crowell, 1985). The 

lectin also interferes with the infection of human rhinoviruses and 

polioviruses (Lonberg\-Holm et al., 1975).

Polyclonal antisera which specifically inhibited the adsorption of 

the group B coxsackieviruses was prepared by immunisation of rabbits with 

HeLa cells (Axler and Crowell, 1968). Indirect immunofluorescence assays 

with acetone fixed and unfixed HeLa cells revealed only surface

fluorescence indicating that the receptors for the group B coxsackieviruses 

were confined to the external surface of the cell. Similar results have

been reported with monoclonal antibodies directed against the cellular

receptors for poliovirus (Minor et al., 1984). The isolation of such highly 

specific monoclonal antibodies may facilitate the purification of 

picornavirus receptors by affinity chromatography of solubilised membrane 

fractions.

The normal cellular functions of picornavirus receptor proteins 

have not been determined. It is noteworthy that Hep 2c cells survive 

repeated serial passage in medium containing monoclonal antibodies directed 

against the poliovirus receptor. Similarly inactivation of cellular 

receptors by enzyme treatment does not result in cell death. Receptors for 

poliovirus are encoded on chromosome 19 (Miller at al., 1974). This rules 

out the possibility that the poliovirus receptor is the major 

histocompatability antigen as was suggested previously.

Recent studies suggest that the cellular receptor for poliovirus 

belongs to a class of membrane proteins which is involved in an important 

and general pathway by which cells take up nutritional and regulatory
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molecules from the extracellular fluid. Biologicaly important 

macromolecules known to be taken up receptor mediated endocytosis include 

certain polypeptide hormones (such as insulin and epidermal growth factor) 

and plasma transport proteins (such as low density lipoprotein) (Goldstein 

et al., 1979; Brown et al., 1983; Helenius et al., 1983). These proteins 

interact as ligands with specific receptors at the cell surface. 

Internalisation of the ligand is coupled to receptor binding. The receptor

bound proteins enter the cell through a specialised region of the cell

membrane known as a coated pit whose principal distinguishing feature is a 

coating of clathrin on its intracellular surface. Receptors for epidermal 

growth factor (EOF) are evenly distributed over the entire membrane 

surface. Binding of EOF to its receptor induces migration of the

EGF-receptor complex to the coated pit. Receptors for low density

lipoprotein (LDL) are pre-clustered in that they are predominantly located 

in coated pits. Internalisation of the ligand into the cell results in the 

formation of coated vesicles. These vesicles loose their clathrin coat and 

fuse with intracellular vesicles to form endosomes. The internalised ligand 

may then be delivered to secondary lysosomes, the golgi sytems or directly 

into the cytoplasm. The release of ligands from endosomes or lysosomes may 

be dependent on the low pH of these vesicles. Exposure of cells to weak 

bases such as chloroquine, monesin and NH^Cl raises the intra-endosomal and 

intra-lysosomal pH above 6.0. Under these conditions the endocytosed 

particles are entrapped in endosomes and/or lysosomes (Marsh et al., 1982; 

Tartakoff, 1983).

Certain viruses including Semliki Forest virus, vesicular 

stomatitis virus and adenovirus have been shown to enter cells by receptor 

mediated endocytosis. Transmission electron microscopy of ultra thin 

sections of poliovirus infected Hep 2c cells revealed that poliovirus also 

exploits this pathway (Zeichardt et al.,1985). Following adsorption at 0°C 

virus particles could be detected evenly distributed at the cell surface.
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When the temperature of such infected cells was shifted to 37®C for one 

minute most poliovirus particles were located in clathrin coated pits. 

Entry of poliovirus into cells via coated vesicles and endosomes could be 

observed by increasing the incubation period.

Treatment of cells with chloroquine., NH^Cl or monesitt’prior to 

infection inhibited replication of poliovirus (Zeichardt et al., 1985; 

Madshus et al., 1984) The protection was fully overcome by exposing the 

cells to pH 5.5 and lower (Madshus et al., 1984b). The results of these 

studies indicated that the step dependent on the low pH of the endosomes 

and/or lysosomes was uncoating of the viral RNA.

One of the most conspicuous features of the virus-cell interaction 

is perhaps the least understood. Following adsorption at 0®C, most of the 

virions which become cell associated are eluted as non-infectious particles 

(A-particles) when the temperature is raised to 37“C. This phenomenon has 

been observed for polioviruses (Joklik ' and Darnell, 1961), echoviruses 

(Rosenworth and Eggers, 1979), coxsackieviruses (Crowell et al., 1971) and 

rhinoviruses (Noble and Lonberg(-Holm, 1973). A particles sediment more 

slowly than intact virions in sucrose gradients, lack VP4 and are 

insensitive to RNase despite containing a full complement of RNA. Failure 

to detect A particles following adsorption of aphthovirus (Brown et al., 

1962; Cavanagh et al., 1978) or cardioviruses (Hall and Rueckert, 1971) 

may reflect inherent differences in the bonding interactions of the 

constituent capsid proteins which renders the A particle too unstable to be 

detected.

It has been suggested that A particles are an intermediate on the 

pathway leading to uncoating of the viral genome. A particles have 

lipophilic properties that may facilitate fusion with the endosomal and/or 

lysosomal membranes (Lonberg -Holm et al, 1976b)
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1.5.2 Shut-Off of Host Macromolecular Synthesis.

poliovirus infection of HeLa cells results in a rapid inhibition 

of host cell DMA, RNA and protein synthesis (Franklin and Baltimore, 1962). 

The mechanism of the shut off of host cell protein synthesis has been 

intensively studied. No effect is observed for the first 30 minutes which 

is the time required for adsorption, penetration and uncoating. The rate of 

protein synthesis then declines reaching a minimum at 2-2.5 hours post 

infection. At this time almost no polysomes are detectable. A second burst 

of protein synthesis then occurs, which represents the synthesis of viral 

specific proteins (Summers et al., 1965).

Early studies revealed that shut of r of host cell protein synthesis 

required expression of the viral genome (Penman and Summers, 1965; Borgert 

et al., 1971) but was independent of replication of viral RNA (Penman and 

Summers,1965). During the period of polysome disaggregation, the elongation 

rates of the fraction of remaining polysomes was normal (Summers and 

Maizel, 1967). This implied that the cause of the declining rates of 

protein synthesis was a block at the initiation of translation. Direct 

measurement of initiation complex formation demonstrated that 80S complexes 

containing ribosomes, mRNA and met tRNA^®®^ were not formed in infected 

cells during the shut off period (Ehrenfeld and Manis, 1979). In vitro 

studies indicated that the mRNA failed to bind to the 40S subunit 

suggesting that the inhibited step preceded the 60S junction reaction 

(Brown and Ehrenfeld 1980).

Cellular mRNA isolated from poliovirus infected cells was 

structurally intact (Lebowitz and Penman, 1971; Koschel, 1974; 

Fernandoz-Munoz and Darnell, 1976) and was capable of stimulating protein 

synthesis in vitro (Kaufman et al., 1976). It was subsequently shown that 

the ribosomal salt wash from poliovirus infected cells, which contains the 

protein synthesis initiation factors, was unable to stimulate translation
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identified as eIF-4A by immune precipitation and tryptic peptide analysis 

(Edery et al., 1983). The 24kd subunit could be crosslinked specifically to 

the 5 ' end of capped mRNA, confirming its identity with 24-CBP. Very little 

is known about the 220kd polypeptide. An antigen with identical 

electrophoretic mobility was detected in uninfected cell lysates using 

polyclonal antisera raised against eIF-3 (which contained eIF-4F). This 

antigen, p220, was not present in infected cells although antigenically 

related polypeptides of lOOkd and 130kd could be detected (Etchinson et 

al., 1982). These authors suggested that proteolytic cleavage of the 220kd 

subunit may cause the dissociation and inactivation of eIF-4F in poliovirus 

infected cells.

The mechanism of shut off of host cell protein synthesis may be 

distinct for different groups of picornaviruses. Extracts of EMC or

mengovirus infected cells were equally active in the translation of both 

cellular and viral mRNAs (Svitkin et al., 1974; Lawrence and Thatch, 1974).

However when saturating amounts of viral RNA and cellular mRNA were added

simultaneously to a cell free translation system, the viral RNA was 

preferentially translated (Lawrence and Thatch, 1974; Abreu and

Lucas-Lenard, 1976). This competition could be relieved by adding partially 

purified preparations of eIF-4B, suggesting that eIF-4B may be in limiting 

amounts in the translation system such that the viral RNA and the cellular 

mRNA compete for the available initiation factor (Golini et al., 1976). 

Measurements of RNA binding to eIF-4B by retention on nitrocellulose 

filters demonstrated that EMC RNA has a greater affinity for this 

initiation factor than globin mRNA or other capped mRNAs (Baglioni et al.,

1978).

Very little is known about the mechanism of virus induced 

inhibition of host cell nuclear functions. Inhibition of host cell RNA 

synthesis was first characterized in mengovirus infected L cells, where 

cellular RNA synthesis decreased to less than 10% of the initial level by
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one hour after infection (Baltimore and Franklin, 1962). This inhibition 

was paralleled by a decrease in the activity of DNA dependent RNA 

polymerase in isolated nuclei (Baltimore and Franklin, 1962) and in a crude 

DNA-protein complex (Holland, 1962). By measuring a-amanatin sensitive 

transcription in nuclei isolated from EMC and mengovirus infected cells it 

was shown that transcription by RNA polymerase II was rapidly inhibited 

(Aprilelli and Penhoet, 1974; Schwartz et al., 1974). Polymerase I and III 

activity was also inhibited but at a slower rate

The electrophoretic mobility of polymerase II subunits purified 

from infected and uninfected cells were identical. Also when the RNA 

polymerases from infected cells were solubilisied and fractionated, all 

three RNA polymerase activities could be detected as assayed under 

conditions that required only non specific initiation (Apriletti and 

Penhoet, 1974, 1978; Schwartz et al 1974). These results suggested that the 

cause of the shut off host cell RNA synthesis was a block in the initiation 

of transcription. Using a cell free transcription assay that gave specific 

initiation on exogenously added DNA, Crawford et al. (1981) demonstrated 

that at least one factor needed for transcription was deficient in extracts 

from poliovirus infected cells.

1.5.3. Translation and Post-Translational Processing.

Between 2-4 hours post infection the levels of viral RNA and 

virally encoded proteins increase and accounts for a large proportion 

(>40%) of the host cell synthesis (Baltimore, 1969). It is thought that a

single initiation event occurs, at position N741 in poliovirus type 1.

Nucleotide sequencing studies revealed that there were several initiation 

codons upstream of the translational start (see section 1.3.1.).Thisisat
variance with the favoured model for initiation of translation whereby the 

40S ribosomal subunit binds at the 5' terminus and migrates in the 3'
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direction until it reaches the first AUG. The 60S ribosomal subunit then 

binds to form the 80S initiation complex (Kozak, 1978). Recent work 

suggests that the sequences flanking the initiation codon are important for 

its selection by the 40S ribosomal subunit (Kozak, 1981, 1984).

From a comparison of the 5' non-coding regions of over 200 

cellular and 50 viral mRNAs a consensus sequence CCACCAUGGG was proposed 

for eukaryotic initiation sites. The most conserved features were a purine 

(usually adenosine) at position -3 and a guanosine at position +4. The 

prediction that adenosine at -3 is required for efficient initiation was 

confirmed by introducing point mutations in a cloned preproinsulin gene and 

monitoring its expression in vivo (Kozak, 1984b).

Analysis of the 5' non-coding sequences of poliovirus types 1, 2 

and 3 revealed a consensus sequence in poliovirus type 3 at nucleotide 

positions 474-482 (UAACCAUGG ). However this region is not conserved in

poliovirus types 1 and 2. Liu et al. (1984) demonstrated that insertion of 

an upstream AUG in a favourable sequence context could severely depress the 

expression of a cloned gene for hepatitis B surface antigen. However this 

effect was suppressed if, as is the case of poliovirus type 3, the upstream 

AUG was closely followed by an in phase termination codon.

The nascent polyprotein is proteolytically cleaved during 

translation of poliovirus RNA (Baltimore 1969; Rueckert, 1976). Partial 

amino acid sequencing of poliovirus infected cell proteins has enabled a 

map of the cleavage sites used in proteolytic prosessing to be constructed 

(KiWmùta et al., 1981; Larsen et al., 1982; Semler et al., 1981a,b; Semler 

et al., 1982). Twenty-seven virus specific proteins, representing 95% of 

the total methionine incorporated into poliovirus infected cells, can be 

accounted for by 12 cleavage sites. Cleavages occur at 9 glutamine-glycine 

(Q.G) pairs, 2 tyrosine-glycine (Y.G) pairs and one asparagine-serine (N.S) 

pair.
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In EMC virus a proteolytic activity was associated with a small 

polypeptide, p22 (Palmenberg et al., 1979). Hanecak et al. (1982) 

demonstrated that monospecific antisera raised against the corresponding 

poliovirus protein, P3-7c, inhibited cleavage at Q.G sites in a poliovirus 

cell-free translation system. The tyrosine glycine (Y.G) cleavages are not 

inhibited by antibodies directed against P3-7c and are therefore carried 

out by an alternative proteolytic activity. Examination of the poliovirus 

nucleotide sequence revealed that some Q.G pairs do not form substrates for 

P3-7c so additional factors must be involved in the selection of cleavage 

sites by the viral protease. Similarly only a small proportion of Y.G pairs 

are utilised in proteolytic processing. Cleavage at the N.S dipeptide 

generates VP2 and VP4 from the precursor polypeptide VPO. The cleavage 

represents the final step in morphogenesis and appears to coincide with 

addition of the viral RNA to the procapsid to form the mature virion. 

Cleavage at this site is probably autocatalytic (see section 1.5.5).

The processing pathways of rhinoviruses, cardioviruses and 

aphthoviruses are very similar to those of enteroviruses. However, some 

differences in the specificities of the viral proteases have been observed. 

Cleavages attributed to the viral specific proteases of EMCV and HRV 14 

occur predominantly at Q.G dipeptides. However the proteases encoded by 

these viruses appear to be less stringent than that of poliovirus because 

additional dipeptides are recognised. These are Q.T and Q.A for HRV 14 

(Stanway et al., 1984) and Q.S for EMCV (Palmenberg et al., 1984). The FMDV 

protease recognises a wider range of sequences, with no apparent preference 

for any one dipeptide (Carroll et al., 1984).
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1.5.4. Viral Transcription.

Synthesis of picornavirus RNA occurs in the cytoplasm and does not 

require the nucleus or DNA dependent RNA polymerase activity (Follettet 

al., 1975). The rate of viral RNA synthesis^"is exponential early in 

infection but becomes linear at the end of the eclipse phase when the viral 

particles first appear. Poliovirus infected cells contain a number of virus 

specific RNA molecules.

a) Single-stranded +ve sense RNA. The bulk of the RNA synthesised 

in infected cells has the same base composition as genomic RNA (Baltimore 

and Franklin, 1962) and is intrinsically infectious (Alexander at al., 

1958) . These molecules may function as a messenger for virus directed 

protein synthesis, as a template for the replication of viral RNA or as a 

substrate for packaging in the formation of progeny virions. Poliovirus 

mRNA differs from genomic RNA only in the absence of the covalently bound 

VPg at the 5' terminus. This is believed to be the result of post 

transcriptional cleavage of VPg from newly made RNA by a cellular enzyme 

(Ambros et al., 1978).

b) Single stranded -ve sense RNA. Replication of viral RNA is a 

two step transcriptional process. Genomic RNA serves as a template for the 

synthesis of a complementary (-ve sense) strand which has a 5' poly(U) 

tract covalently attached to VPg. RNA strands of the original polarity (+ve 

sense) are then synthesised using the -ve sense strand as a template. 

Single stranded negative sense RNA forms only a minor fraction of the RNA 

found in poliovirus infected cells. Indicating, that virus directed 

transcription is strongly assymetric. The mechanism by which -ve sense RNA 

is preferentialy transcribed is not known.

c) Double stranded RNA. A small fraction of virus induced RNA is 

in a double stranded form. This RNA consists of an intact +ve sense strand 

hydrogen bonded to a full length -ve sense strand. Like viral RNA, double
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stranded RNA is infectious, but is now generally believed to have no direct 

role in viral replication.

d) Replicative Intermediate (RI) RNA. RNase treatment of RI 

reveals that the stucture is partially single stranded and partially double

stranded RNA. The structure is composed of one full length -ve sense strand

associated with nascent +ve sense strands. Pulse chase experiments have 

shown that between 5.5 and 6.5 nascent strands are present per -ve strand 

template (Baltimore et al., 1969; Nomoto et al., 1977b). VPg is covalently 

linked to the 5' ends of the nascent +ve strands.

The absence of an RNA dependent RNA polymerase activity in host 

cells implies that the activity is viral specific. A soluble template

dependent RNA polymerase (Replicase) has been purified from cytoplasmic

extracts of infected cells (Dasgupta et al., 1979; Flanegan and van-Dyke,

1979). The replicase co-purified with an activity which could transcribe 

poly(A) in the presence of an oligo(U) primer (Flanegan and Baltimore, 

1977). Further purification resulted in the loss of the replicase activity 

although the oligo(U) dependant poly(U) polymerase activity was retained. 

The highly purified preparations contained a single virus specific protein 

designated P3-4b or p63, together with traces of other proteins (Tuschall 

et al., 1982; van-Dyke and Flanegan, 1980). Antibodies raised against a 

synthetic peptide corresponding to the carboxy terminal region of P3-4b 

were shown to inhibit the replicase and poly(U) polymerase activities in 

vitro (Baron and Baltimore, 1982).

Purified P3-4b could synthesise full length copies of poliovirus 

RNA and various other polyadenylated RNAs, but only when oligo(U) was added 

to the reaction (Tuschall et al., 1982; van-Dyke et al., 1983; Baron and 

Baltimore, 1982). Thus unlike- many RNA polymerases, the poliovirus RNA 

polymerase is a primer dependent enzyme. The requirement for a primer could 

be eliminated by adding a protein contained in the high salt wash of host 

cell' ribosomes (Dasagupta et al., 1980). The 'host factor' was identified
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as a cytoplasmic protein of molecular weight 67kd which could be retained 

on a column of P3-4b, indicating a physical relationship with the enzyme. 

Partially purified P3-4b is active on polioviral RNA without the 

requirement for oligo(D) primer or host factor. This activity is inhibited 

by anti-host factor antibody, which implies that partially purified forms* 

of P3-4b contain sufficient amounts of host factor to mediate the 

initaiation of RNA synthesis (Dasgupta et al, 1982).

As discussed previously, the RNA genome of poliovirus is 

covalently linked at its 5' end to a small, virus specific protein (VPg). 

VPg is attached to the 5' ends of newly synthesised +ve and -ve strands 

(Nomoto et al,, 1977; Petterson et al., 1978) and to the nascent +ve 

strands of the replicative intermediate (Flanegan et al., 1977; Nomoto et 

al., 1977; Petterson et al., 1978). Based on these findings, it was 

proposed that VPg may act as a primer for the initiation of RNA synthesis. 

It was subsequently shown that anti-VPg antibody could specificaly inhibit 

host factor stimulated transcription of poliovirus RNA by P3-4b, whereas 

the oligo(U) primed copying of viral RNA was not affected by the antibody 

(Baron and Baltimore, 1982; Morrow and Dasgupta, 1983). These antibodies 

detected no free VPg in infected cells but specifically immunoprecipitated 

three larger polypeptides with VPg determinants. (Baron and Baltimore,

1982; Semler et al., 1982; Takegami et al,1982). The smallest of these

(P3-9) is an abundant product of proteolytic processing. P3-9 is a membrane 

bound protein, a property consistent with a role as the precursor of VPg in

the membrane associated RNA replication complex. Tagegami et al. (1983)

demonstrated that a crude membrane fraction isolated from poliovirus 

infected cells could synthesise a nucleotidyl protein identified as 

VPg-pU-pU. The same species has been isolated from poliovirus infected 

cells (Crawford and Baltimore, 1983).
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A model has been proposed in which the initiation of RNA synthesis 

is preceded by the linking of pU to the tyrosine residue within the 

hydrophilic carboxy terminal region of P3-9. This modification may lead to 

a conformational change which activates the Q.G cleavage site such that VPg 

is cleaved from P3-9 by the viral protease, P3-7c. The newly formed VPg-pU 

gr VPg-pU-pU could now function as a primer for the primer dependent RNA 

polymerase, P3-4b. This is an attractive model because the structure at 

the 5' end of both the +ve and the -ve strand is VPg-pU-pU. The correct 5' 

end would therefore be generated on each strand without need for further 

processing.

1.5.5. Morphogenesis.

The early/late control of expression of virus specific proteins 

exhibited in the majority of viral systems is not a feature of the 

picornavirus infectious cycle. The mode of translation were all proteins 

are derived from a single polyprotein precludes temporal control of the 

synthesis of the different viral proteins. However, some degree of control 

may occur at the level of post-translational processing. Butterworth and 

Korant (1972) studied the kinetics of the synthesis and cleavage of EMCV 

infected cell proteins. The half-lives of individual precursor polypeptides 

differed from one another suggesting that the accessibility of cleavage 

sites to the protease(s) affected the rates of processing of individual 

precursor molecules. The observation that some of the Q.G dipeptides and 

most of the Y.G dipeptides in the polyprotein are not recognised as 

cleavage sites supports this conclusion. The kinetics of the interactions 

between virus components in the infected cell may also provide control 

mechanisms (Baltimore, 1969)

The assembly of virus particles is thought to proceed via the 

pathway outlined in Fig. 1.4. Cleavage of the capsid precursor polypeptide
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(P1-1a) from the nascent polyprotein occurs before translation is 

completed. This cleavage occurs at a Y.G dipeptide and is catalysed by an 

activity distinct from the virus specific protease, P3-7c. Pl-la may 

undergo pentamerization to form a 13S particle (McGreggor et al.,

1975,1977). Each Pl-la molecule is then cleaved by the viral protease,

forming a 14S subviral particle composed of five copies each of VPO, VP1 

and VP3. Alternatively individual Pl-la molecules may be cleaved to form 

protomers (VP0-VP1-VP3), which then aggregate to form the 14S particle. In

the infected cell the 14S particles polymerise into an empty capsid species

called the procapsid (Philips et al., 1968). The final step of

morphogenesis is the cleavage of VPO into VP2 and VP4 which is thought to 

occur simultaneously with encapsidation of the viral RNA.

In the presence of cytoplasmic extracts of infected cells, 

isolated 14S particles form empty capsid like structures in vitro (Philips

et al, 1968; Philips, 1969). It was later shown that 14S particles could

self-assemble in the absence of exogenous factors. Unlike extract-mediated 

assembly, the latter reaction was highly dependent upon the concentration 

of 14S particles. Self assembled empty capsids can be differentiated from 

extract assembled empty capsids and procapsids formed in infected cells by 

their isoelectric point, trypsin sensitivity, antigenicity and 

sedimentation coefficient (Putnak and Philips, 1982). These studies 

suggested that correct assembly of 14S subunits into procapsids is a

process catalysed by a factor present in infected cells. The nature of the 

assembly promoting or morphopoietic factor has not been determined.

High resolution X-ray crystallography of crystallised poliovirus and 
human rhinovirus has lead to a greater understanding of the interactions 

between the constituent capsid proteins of picornavirions (Hogle et al., 

1985; Rossman et al., 1985). The extensive interactions between 5-fold 

related protomers is consistent with the proposal that the 14S subviral 

particle isolated from poliovirus infected cells represents an intermediate
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in the morphogenic pathway. The N-termini of five subunits of VP3 

intertwine about the 5-fold axis to form a five-stranded tube of extremely 

twisted, anti-parallel p-sheet. This structure may direct the formation of 

the 145 pentamer and should contribute to its stability once formed.

The N and C termini generated by processing of Pl-la to form VPO, 

VPl and VP3 are located on opposite surfaces of the pentamer. The

separation of these termini and the extensive interactions of the 

N-terminal strands of VP3 suggests that cleavage of Pl-la occurs prior to 

pentamer formation.

Thus assembly of picornaviruses proceeds from protomers of VPl,

VP3 and VPO, via 145 pentamers of five protomers to mature virions. The 

final stage involves inclusion of the genomic RNA into procapsids with 

simultaneous cleavage of VPO into VP2 and VP4. The proximity of 5er 10 in 

VP2 with the carboxy terminal end of VP4 suggests that cleavage of VPO is

autocatalytic (Rossman te al., 1985). Nucleotide bases of RNA could act as

proton acceptors in the autocatalysis. Thus insertion of RNA into the empty 

capsid could trigger the cleavage of VPO.
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1.6. The Genetics of Picornaviruses.

1.6.1 Recombination.

The ' high level of recombination exhibited by RNA viruses with 

segmented genomes is undoubtedly the result of independent re-assortment of 

segments in doubly infected cells. Picornaviruses appear to be unique 

amongst the RNA viruses in that their replication strategy allows the 

exchange of genetic information between RNA molecules. Recombination was 

first suggested for poliovirus when it was shown that infection of cells 

with a mixture of inhibitor sensitive mutants of poliovirus resulted in an 

enhanced yield of resistant progeny which were genetically stable (Hirst, 

1962, Ledinko, 1963).

Early attempts to produce a genetic map of poliovirus were 

hampered by pleiotropism or covariation, multiple mutation events, high 

spontaneous reversion frequencies and 'leaky' mutations where some of the 

wild-type character persisted under restrictive conditions. Despite these 

problems, linear genetic maps were eventually obtained for both poliovirus

(Cooper, 1969, 1977) and FMDV (Lake et al., 1975; McCahon et al., 1977) in

which the recombination frequencies were approximately additive. The 

observation that mutations could be correlated with changes in 

electrophoretic mobility of infected cell proteins allowed the alignment of 

the genetic and biochemical maps of FMDV. Genetic loci within the left-hand 

half, the middle and the right-hand half of the genetic map appeared to 

correlate with respective physical locations near the 5' end (King and 

Newman, 1980; King et al., 1980), middle (Saunders and King, 1980) and 3' 

end of the genome (Lowe et al., 1981).

Conclusive evidence of recombination in picornaviruses was 
obtained by investigating the inheritance of unselected, biochemical
markers. Recombination between different sub-type strains of FMDV was
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demonstrated by electrofocusing virus induced proteins and RNase T1 

fingerprinting of genomic RNAs (King et al., 1982). The inheritance of 

T1 oligonucleotides and viral polypeptides by putative recombinants 

indicated that their genomes were generated by a single cross-over between 

the parental genomes. Using the same techniques, recombination was 

subsequently shown to occur between poliovirus types 1 and 3 (Tolskaya et

al., 1983; Agol et al., 1984).

Although there is no evidence for inter-molecular recombination in

RNA viruses other than picornaviruses, several examples of intra-molecular

rearrangements of RNA molecules have been well-characterised. These include 

specific rearrangements such as splicing of nuclear RNAs and the apparently 

non-specific result in sub-genomic deletion mutants of RNA viruses 

designated defective interfering (DI) particles. Splicing is known to 

involve breakage and reunion of RNA molecules catalysed by nuclear 

endonuclease and ligase activities. Lazzarini et al. (1981) reviewed the 

structure of DI particle genomes and concluded that these particles were 

probably generated by aberrant replication of viral RNA. In this model the 

RNA polymerase jumps from one region of the template to another without 

terminating replication.

In theory, either mechanism could be involved in genetic 

recombination. Mapping of the cross over sites in a large number of FMDV 

recombinants by electrofocussing of virus induced proteins and RNase T1 

fingerprinting, revealed that crossovers occurred in 12 distinct regions of 

the genome (A. King, personal communication). These results imply that 

recombination is a general rather than a site specific phenomenom. This 
tends to rule out an involvement of nuclear splicing functions in 

picornaviral recombination, because these activities are known to be 

sequence specific.
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1.6.2. Mutation Frequency of RNA Genome Replication.

Errors in the replication of DNA chromosomes vary considerably, 

but they average as low as one false nucleotide incorporated per 10”® to

10’^̂  nucleotides polymerised (Fowler et al., 1974; Kunkel and Loeb, 1980;

Meselson et al., 1981). This is in part due to the proof-reading activities 

of DNA polymerases which excise mis-matched bases and use the information 

encoded in the methylated template strand to re-copy the excised region 

(Kornberg, 1980). Post-replicative DNA repair mechanisms also contribute to 

the stability of DNA genomes. No error correcting mechanisms have yet been 

found associated with enzymes that synthesise RNA or use RNA as a template. 

As a result, synthesis of RNA is an intrinsically error-prone process with

estimated mutation frequencies of between 10”  ̂ and 10'^ (Eigan, 1981).

In a definitive study of the bacteriophage, QP, Domingo at al.

(1978) demonstrated that 15% of clones plaque-purified from a multiply 

passaged population showed T1 fingerprints which deviated from that of the 

RNA of the total population. The differences could be attributed to one or, 

less frequently, two or more nucleotide transitions. Since only 10% of the 

RNA sequence could be analysed by this technique, the results suggested 

that each viable phage genome differs from the 'average' sequence of the 

total population by one or two mutations.

Several deviant clones were tested by growth competition against 

the uncloned population. The proportion of variant phage, determined by

finger-print analysis, was reduced to about 5% of the original value 

following twenty passages at high multiplicity. It was proposed that 

populations of Qp achieve a state of dynamic equilibrium in which 

wild-type virus predominates. Viable mutants arise with high frequency on 

the one hand and are strongly selected against on the other.

High spontaneous mutation frequencies have been observed for the

RNA viruses of plants and animals. For example, temperature sensitive (ts)
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mutants of NDV could be isolated from clonal pools with a frequency of 2\ 

(Tippis and Batt, 1976). Similarly, Flammond (1970) estimated the 

spontaneous mutation frequency of ts mutants of VSV Indiana to be 2.3%. 

These high frequencies may be a refelection of the ability of ts mutants to 

occur in most,if.notiallviral genes. An independent estimate of RNA genome 
mutation can be obtained by using monoclonal antibodies to select for 

antigenic variants. The advantage of this technique is that monoclonal 

antibodies monitor nucleotide changes at defined locations in small 

sections of the genome. Portner et al. (1980) compared the rates of 

mutation to monoclonal antibody resistance for three unrelated RNA viruses, 

namely, influenza, VSV and Sendai. The mutation frequency, calculated by 

dividing the titre of the virus escaping neutralisation by the titre before 

neutralisation, was the same for all three viruses, that is about 10"^’^. 

Monoclonal antibodies have also been used to determine a major antigenic 

site for poliovirus neutralisation (Minor et al., 1983). These studies 

confirm that the average frequency with which resistant mutants appear 

under monoclonal antibody selection is 10—4
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1.7. The P r o b l e m  of P o l i o m y e l i t i s .

1.7.1. H i s t o r i c a l  A s p e c t s .

The h u m a n  p o l i o v i r u s  was i d e n t i f i e d  as the c a u s a t i v e  

a g e n t  of p o l i o m y e l i t i s  b y  L a n s t e i n e r  and P o p p e r  in 1909. Over 

the next forty years k n o w l e d g e  of p o l i o m y e l i t i s  p r o g r e s s e d  

a l o n g s i d e  d e v e l o p m e n t s  in other fields, p a r t i c u l a r l y  the new 

s c ience of immunology. It was shown that all isolates of 

p o l i o v i r u s  c o u l d  be c l a s s i f i e d  into t h ree a n t i g e n i c  types (see 

M e l n i c k , 1982). V i r u s  of one type was not e f f e c t i v e l y

n e u t r a l i s e d  by a n t i b o d y  raised a g ainst the o t h e r  two. To be 

complete, i m m u n o l o g i c a l  p r o t e c t i o n  h a d  to be g a i n e d  a g a i n s t  not 

o n e  but three types of virus.

During the 1930s and 1940s, wor k  t e n d e d  to c o n c e n t r a t e  

on treatment of the disease. The work of E l i z a b e t h  Kenny 

d e m o n s t a t e d  the b e n e f i t s  of p h y s i o t h e r a p y  for those suffering 

p o l i o m y e l i t i s  p a r a l y s i s  (see Paul, 1971). The cerebral c o r t e x  is 

g e n e r a l l y  u n a f f e c t e d  by the d i s e a s e  p r o c e s s  (Bodian, 1949). It 

is therefore p o s s i b l e  to relearn p a t t e r n s  of motor ac t i v i t y  

wh i c h  were fo r m a l l y  r e g u l a t e d  by d a m a g e d  b r a i n s t e m  functions. 

P h y s i o t h e r a p y  may assist in this p r o c e s s  and c o u n t e r a c t  the 

ef f e c t s  of m u s c u l a r  wasting* The d e v e l o p m e n t  of the iron lung 

e n a b l e d  p o l i o m y e l i t i s  victims who w o uld h a v e  died of 

suffocation, following p a r a l y s i s  of r e s p i r a t o r y  muscles, to 

s u r v i v e .

A l t h o u g h  very important, such m e a s u r e s  c o uld only 

reduce the s e v e r i t y  of the d a m a g e  c a u s e d  by the disease. It 

b e c a m e  o b v i o u s  that the o n l y  route t o w a r d s  succ e s s f u l  control 

of p o l i o m y e l i t i s  had to be b a s e d  on p r o p h y l a c t i c  vaccination.
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D e v e l o p m e n t s  in the field of tissue c u l t u r e  and g r o w t h  of 

p o l i o v i r u s e s  i n - vitro f a c i l i t a t e d  t he d e v e l o p m e n t  of two 

e f f e c t i v e  a n t i - p o l i o m y e l i t i s  vaccines. The first of these was a 

f o r m a l i n  inactivated v a c c i n e  (IPV) d e v e l o p e d  b y  J o n a s  Salk, which  

was i n t r o d u c e d  in 1955. The l i v e - a t t e n u a t e d  v a c c i n e  (OPV), 

b a s e d  on avi r u l e n t  strains d e v e l o p e d  b y  A l b e r t  Sabin, b e came 

a v a i l a b l e  for w i d e s p r e a d  use in 1961 (Sabin and Boulger, 1973). 

The s u c c e s s f u l  use of these v a c c i n e s  in c o n t r o l l i n g  

p o l i o m y e l i t i s  is d i s c u s s e d  in section 1.7.5.

1.7.2. The E p i d e m i o l o g y  of P o l i o m y e l i t i s .

In the d e v e l o p i n g  countries, in the a b s e n c e  of

vacci n a t i o n ,  p o l i o m y e l i t i s  h as c o n t i n u e d  to be a d i s e a s e  of 

in f ancy that is seen o n l y  rare l y  (i.e. the e n d e m i c  pattern). 

S e r o l o g i c a l  surveys c o n d u c t e d  w i t h i n  t h e s e  c o u n t r i e s  h a v e  shown

that more than 90% of c h i l d r e n  of t h r e e  or m o r e  y e ars of age

p o s s e s s  a n t i b o d y  to at least one s e r o t y p e  of p o l i o v i r u s  

(S c h o n b e r g e r  et al., 1981). In a d d i t i o n  it is found that there 

are b e t w e e n  100 and 200 s u b - c l i n i c a l  i n f e c t i o n s  for each

p a r a l y t i c  case.

This s i t u a t i o n  is thought to h a v e  e x i s t e d  in N o r t h e r n  

E u rope and the U n ited States up until the start of the 19th 

Ce n t u r y .  The shift from the endemic to the e p i d e m i c  p a t t e r n  of 

p o l i o m y e l i t i s  was p r o b a b l y  r e lated to c h a n g e s  in s o c i o e c o n o m i c  

c o n d i t i o n s  o c c u r r i n g  at that time. P r i m i t i v e  s a n i t a t i o n  

c o n d i t i o n s  e n s u r e d  the w i d e s p r e a d  c i r c u l a t i o n  of poliovirus" 

w h i c h  is t r a n s m i t t e d  by the f a e c a l - o r a l  route. As a result, 

most i n d i v i d u a l s  e x p e r i e n c e d  their first, i m m u n i s i n g  infections 

du r i n g  infancy. W ith inc r e a s e d  r e s o u r c e s  for h o u s e h o l d  and
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c o m m u n i t y  hygiene, the o p p o r t u n i t i e s  for i n f e c t i o n  of the ver y  

young were reduced. Increasing n u m b e r s  of p e r s o n s  e n c o u n t e r e d  

p o l i o v i r u s  for the first time in later c h i l d h o o d  or e a r l y  adult 

life, w h e n  i n f e ctions are more likely to take a p a r a l y t i c  form 

(Johnson, 1982).

Duri n g  the first hal f  of this century, p o l i o v i r u s  

e p i d e m i c s  i n c r eased almost y e a r l y  in size and severity. In 

addition, a drift in the age d i s t r i b u t i o n  of the d i s e a s e  was 

o bserved. In the U n i t e d  States, at the end of the p r e - v a c c i n e  

era, the a v e r a g e  annual incidence of p o l i o m y e l i t i s  w as b e t w e e n  

5 and 10 cases per 100,000 p o p u l a t i o n  (Melnick, 1982). One 

t h ird of the c a ses were in p e r s o n s  over 15 y e a r s  of age. This 

was in m a r k e d  c o n t r a s t  to the first of the major e p i d e m i c s  w h e n  

over 80% of the c a s e s  were in c h i l d r e n  under 5 y e a r s  of age.

1.7.3. T he P a t h o l o g y  of P o l i o m y e l i t i s .

The p r i m a r y  site for m u l t i p l i c a t i o n  of p o l i o v i r u s e s  is 

the h u m a n  a l i m e n t a r y  tract. The initial i n f e c t i o n  is u s u a l l y 

a s y m p tomatic, but may be a c c o m p a n i e d  by low g r a d e  fever, 

h e a d aches, s ore-throat or nausea. E x c r e t i o n  of p o l i o v i r u s  in 

stools reaches a peak at 5 to 6 d ays p o s t - i n f e c t i o n ,  and ha s  

n o r m a l l y  c e a s e d  after 2 to 3 weeks. V i r u s  c a n  also be isolated 

form the o r o p h a r y n x  and m e s e n t a r y  d u r i n g  the e a rly stages of 

infection. R e p l i c a t i o n  of the virus in the gut s t i m u l a t e s  h i g h  

levels of serum and secretory a n t i b o d y  (Bodian and 

P a f f e n b a r g e r , 1954; H o r s t m a n n  et al., 1954). In 99% of cases

the inf e c t i o n  is t e r m i n a t e d  at this stage and the o n l y  lasting 

c o n s e q u e n c e  is a p r o t e c t i v e  a n t i b o d y  response against

p o l i o v i r u s e s  of the same serotype. However, in the r e m a i n i n g  1%
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of cases, a systemic infection m a y  follow, u s u a l l y  with some 

form of n e u r o l o g i c a l  involvement.

A brief 2 to 3 d ay r e m i s s i o n  follows the initial 

m u l t i p l i c a t i o n  of the virus and then h e a d a c h e  sti f f n e s s  and 

muscle p a i n s  are q u i c k l y  followed b y  the onset of paralysis, a 

p r o c e s s  w h i c h  is c o m p l e t e  w i t h i n  24 h o u r s .  F l a c c i d  p a r a lysis  

tends to affect legs rather than arms and is freqeuntly  

as s y metric. In 10 to 15% of patients, there is a l s o  some bulbar 

p a r a l y s i s  w h ich may lead to d e ath f o l l o w i n g  c a r d i o - r e s p i r a t o r y  

failiure (see Paul, 1971).

H i s t o l o g i c a l l y ,  the ef f e c t s  of p o l i o v i r u s  on the CNS 

c o n s i s t s  of i n f l a m m a t i o n  and n e u r o n a l  destruction of the 

an t e r i o r  h o r n s  of the spinal cord, the b u l b a r  m o tor nuclei, 

r e t i c u l a r  formation, thalamus and m o t o r  c o r t e x  (Bodian, 1949). 

It is g e n e r a l l y  c o n s i d e r e d  that nerve c ell injury must reach a 

c e r t a i n  t h r e s h o l d  of se v e r i t y  b e f o r e  a c l i n i c a l  effect is 

o b s e r v e d  (Bodian, 1949, B e s w i c k  and Coid, 1961, B e s w i c k  et al., 

1964).

A l t h o u g h  the p o rtal of e n t r y  of p o l i o v i r u s  into the 

b o d y  ha s  b e e n  e s t a b l i s h e d  to be the f a e c a l - o r a l  route, the way 

in w h ich the virus ente r s  the C N S  is not known. The initial 

m u l t i p l i c a t i o n  of the virus seems to be a s s o c i a t e d  with 

lym p h a t i c  tissues ( Peyer's pa t c h e s  in the small intestine, 

m e s e n t e r i c  lymph nodes and a d e n o i d a l  t i s s u e  in the throat) and 

inf e c t i o n  of the C NS is p r e c e d e d  by v i r a e m i a  (Bodian and 

P a f f e n b a r g e r , 1954; horstmann et al., 1954; Sabin, 1956). The 

p r e c i s e  w a y  in w h i c h  these events are r e l a t e d  is not clear.

Several factors are k n own w h i c h  p r e d i s p o s e  infected 

p a t i e n t s  to p a r a l y s i s .  U n d o u btedly, the major factor is the 

d e g r e e  of n e u r o v i r u l e n c e  of the s t rain i n v olved (Bodian, 1949;
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Sabin, 1955). Host factors include incr e a s i n g  age (Johnson, 

1982) and p h y s i c a l  a c t i v i t y  at the time of the onset of

pa r a l y s i s  (Horstmann, 1950).

The major d e f e n c e  against p o l i o m y e l i t i s  involves 

h u m o r a l  i m m u n i t y  rather than cell m e d i a t e d  immunity. Initial 

p r o t e c t i o n  against in f e c t i o n  involves the p r o d u c t i o n  of 

s e c r e t o r y  a n t i b o d i e s  in the saliva and the gut (Johnson, 1982). 

S e r u m  a n t i b o d y  may p l a y  a role in m o d i f y i n g  the c o u r s e  of

i n f ection d u ring the v i r a e m i a  p h ase (Sabin, 1956; Melnick,

1982). O n c e  C N S  involvement occurs, the T - c e l l  r e s p o n s e  is

d o m i n a n t  in c l e a r i n g  virus (Johnson, 1982). However, d a m a g e  

p r o g r e s s e s  so r a p i d l y  (i.e. w i t h i n  hours) that it is i m p o ssible 

to halt the d i s e a s e  at this stage.

1.7.4. D e v e l o p m e n t  of the Salk and S a b i n  V a c c i n e s .

Two c o m p e t i n g  types of p o l i o v i r u s  v a c c i n e  were 

d e v e l o p e d  almost s i m u l t a n e o u s l y  in the late 1950s: the

i n a c t i v a t e d  p o l i o v i r u s  vaccine (IPV), w h i c h  was a d m i n i s t e r e d  by 

in t r a m u s c u l a r  injection, and the live a t t e n u a t e d  p o l i o v i r u s

vaccine, w h i c h  was a d m i n i s t e r e d  o r a l l y  (OPV). T h ese were 

c o m m o n l y  c a l l e d  the Salk and the S a bin v a c c i n e s  r e s p e c t i v e l y

after the s c i e n t i s t s  who p l a y e d  a leading role in their

d e v e l o p m e n t .

The d i s c o v e r y  by E n ders et al. (1949, 1954) that

p o l i o v i r u s e s  c o u l d  be p r o p a g a t e d  in c u l t u r e s  of h u m a n  

e p i t h e l i a l  tissue was a vital step t o w ards the d e v e l o p m e n t  of 

b o t h  types of vaccine. The p r e s e n c e  of virus c o u l d  be 

r e c o g n i s e d  by a m i c r o s c o p i c a l l y  v i s i b l e  c y t o p a t h i c  effect, 

a l l owing the q u a n t i t y  of virus in c u l t u r e  fluds to be
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d e t e r m i n e d .  It was also p o s s i b l e  to test serum for the p r e s e n c e  

of a n t i b o d y  against the virus. T h e s e  new t e c h n i q u e s  w e r e  used 

to ev a l u a t e  methods of i n a c t i v a t i n g  p o l i o v i r u s  while 

m a i n t a i n i n g  antigenicity. S u c h  t r e a t m e n t s  i n c l u d e d  heat, 

phenol, U.V. light and e l e c t r o n  b o m b a r d m e n t .  F o r m a l i n  

i n a c t i v a t i o n  was e v e n t u a l l y  shown to be the best m e t h o d  for

p r o d u c t i o n  of an inac t i v a t e d  p o l i o v i r u s  v a c c i n e  (IPV).

At the same time, a q u a n t i t a t i v e  m o n k e y  n e u r o v i r u l e n c e  

a s s a y  was developed. E a r l y  studies were c o m p l i c a t e d  by the 

o b s e r v a t i o n  that b r a i n - s t e m  ne u r o n s  p r o v e d  to be less 

s u s c e p t i b l e  than the lower m o t o r  n e u r o n s  of the spinal cord. It 

was also r e c o gnised that n e u r o v i r u l e n c e  was not an 'all or 

n o n e ‘ c h a r a c t e r  that was p r e s e n t  or absent in a g i v e n  strain. 

Rather a s p e ctrum of a c t i v i t y  was observed, ranging from h i g h  

to low. The n e u r o v i r u l e n c e  of any g i v e n  strain c o u l d  be

m e a s u r e d  quantitatively by  c o r r e l a t i n g  the i n c i d e n c e  of 

p a r a l y s i s  or the d e v e l o p m e n t  of n e u r o n a l  l e sions w i t h  the

c o n c e n t r a t i o n  of virus d e t e r m i n e d  by c y t o p a t h i c  effect in

tissue c u l t u r e  (Sabin, 1956).

Serial passage of the B r u n h i l d e  strain of p o l i o v i r u s  

type 1 in-vitro led to a m a r k e d  r e d u c t i o n  in n e u r o v i r u l e n c e  

for m o n k e y s  (Enders et al., 1954). This o b s e r v a t i o n  f a c i l i t a t e d  

the d e v e l o p m e n t  of a t t e n u a t e d  s t rains of all three s e r o t y p e s  of

p o l i o v i r u s  (Sabin et al., 1954; S a b i n  and Boulger, 1975). It is

n o t e w o r t h y  that p a s sage i n - v i t r o  had no effect on

n e u r o v i r u l e n c e  as long as s i ngle or small n u m b e r s  of virus

p a r t i c l e s  were used to initiate c u l t u r e s  and a large number of 

r e p l i c a t i o n  cycles were p e r m i t t e d  (Sabin et al., 1954). 

A v i r u l e n t  variants could be i s o l a t e d  o n l y  w hen l a r g e  inocula

(10 to 106 T C I D 50) were used t o g e t h e r  with rapid p a s s a g e  (24
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Table 1.4.

Origin of the Sabin Vaccine Strains

Type 1
PI/Mahoney/41 
(faecal isolate, 
healthy children)

14 passages in vivo (monkeys)
2 passages in vitro (monkey testicle)

P1/Monk14 T2 24 passages in vitro (monkey testicle) 
18 passages in vitro (monkey kidney)

10 alternate passages:-
5 in vivo (intradermally in monkeys) 
5 in vitro (monkey kidney)

P1/LS-C 5 passages in vitro (monkey kidney)
3 plaque purifications (monkey kidney)
2 passages in vitro (preparative) (monkey kidney)

P1/LS-C, 2ab : Sabin type 1 vaccine strain

Type 2 
P2/P712/56 
(faecal isolate, 
healthy children)

4 passages in vitro (monkey kidney)
3 plaque purifications (monkey kidney)
1 passage in vivo (orally in chimpanzees) 
3 plaque purifications (monkey kidney)

P2/P712,Ch,2ab : Sabin type 2 vaccine strain

Type
P3/Leon/37 
(isolate from fatal 
paralytic case)

21 passages in vivo (intracerebrally in monkeys) 
8 passages in vitro (monkey testicle)

39 passages in vitro (monkey kidney)
3 plaque purifications (monkey kidney)
3 passages in vitro (preparative) (monkey kidney)

P3/Leon/12a^b ; Sabin type 3 vaccine strain
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hou r  intervals). S u c h  c o n d i t i o n s  w o u l d  a l l o w  the s e l e c t i o n  of 

any faster g r o w i n g  variants, s u g g e s t i n g  that a t t e n u a t i o n  was 

the result of a d a p t a t i o n  to g r o w t h  i n - v i t r o .

The p r o c e d u r e s  use d  to d e r i v e  the S a b i n  a t t e n u a t e d  

va c c i n e  strains are s u m m a r i s e d  in T a b l e  1.4. T he d e r i v a t i o n  of 

the type 1 a n d  type 3 v a c c i n e  strains wer e  v e r y  si m i l a r  in that 

b o t h  were s e g r e g a t e d  by  serial r a p i d  p a s s a g e  of a

w e l l - c h a r a c t e r i s e d  v i r u l e n t  strain i n - v i t r o  ( S a b i n  and Boulger, 

1975). The most s u i t a b l e  c a n d i d a t e  for a t y p e  2 v a c c i n e  strain 

was a n a t u r a l l y  occurring strain isola t e d  f r o m  the stool of a 

h e a l t h y  child.

Q u a n t i t a t i v e  studies h a d  shown that the n e r v o u s  system 

of lower mo n k e y s  (rhesus and c y n o m o l g u s  monkeys) was more 

susceptible to p o l i o v i r u s e s  than that of p r i m a t e s  ( c h i m panzees 

and, on the b a s i s  of e p i d e m i o l o g i c a l  data, m a n ) . It was 

t h e refore a r g u e d  that the a t t e n u a t e d  strains, e a c h  of which 

showed o nly r e s i d u a l  n e u r o t r o p i s m  for the lower monkeys, would 

be safe for a d m i n i s t r a t i o n  to humans.

1.7.5. V a c c i n a t i o n  A g a i n s t  P o l i o m y e l i t i s .

T o w a r d s  the end of the p r e - v a c c i n e  era, the annual 

rate of p a r a l y t i c  p o l i o m y e l i t i s  in the U n i t e d  States was 

b e t w e e n  5 and 10 c a s e s  per 1 0 0,000 p o p u l a t i o n .  The formalin  

in a c t i v a t e d  p o l i o v i r u s  vaccine (IPV) was i n t r o d u c e d  in 1955. A  

marked re d u c t i o n  in the incidence of p o l i o m y e l i t i s  was 

achieved, in some y e ars reaching as low as 0.5 c a s e s  per 

100,000 p o p u l ation. H o w e v e r  this still meant that sign i f i c a n t 

number of cases were o c c u r r i n g  annually. In 1960, for example, 

more than 2,500 p a r a l y t i c  cases were rec o r d e d .  T h e r e  were also
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c o n s i d e r a b l e  p r o b l e m s  w i t h  the p o t e n c y  of d i f f e r e n t  IPV 

p r e p a r a t i o n s .  In a s t u d y  of s e v e r a l  t h o d s a n d  p a r a l y t i c  cases, 

17% were in c h i l d r e n  w h o  h a d  r e c e i v e d  three injections of the 

v a c c i n e  (Melnick, 1982).

IPV was l a r g e l y  r e p l a c e d  by  the live a t t e n u a t e d  

v a c c i n e  (OPV) w h e n  it b e c a m e  a v a i l a b l e  in 1961. The incidence  

of p a r a l y t i c  d i s e a s e  c o n t i n u e d  to fall. B e t w e e n  1970 a n d  1979, 

the a v e r a g e  number of p a r a l y t i c  c a s e s  in the U n i t e d  S t a t e s  was 

17. This has meant c a s e  rates ranging from 0.2 to 0 . 0 2  per 

m i l l i o n  p o p u l a t i o n  (Melnick, 1982).

The live a t t e n u a t e d  v a c c i n e  strains are amongst the 

safest of such vaccines. However, rare cases of va c c i n e  

a s s o c i a t e d  p a r a l y s i s  do occur. In a recent WHO s u r v e y  in 10 

d e v e l o p e d  countries, 281 p a r a l y t i c  cases were r e c o r d e d  over a 

10 year p e r i o d  (Assad a n d  Coc k b u r n ,  1982). Of these, 122 (43%) 

were va c c i n e  a ssociated, 52 in v a c c i n e  r e c i p i e n t s  and 70 in 

h o u s e h o l d  contacts. This is e q u i v a l e n t  to a risk of 1 c a s e  per 

m i l l i o n  c h i l d r e n  r e c e i v i n g  the v a c c i n e  (the e s t i m a t e d  risk 

v a r i e d  b e t w e e n  0.5 a n d  3.4 p er m i l l i o n  in dif f e r e n t  c o u n tries).

Of the r e c i p i e n t  cases, 2/52 (4%) were a s s o c i a t e d  wit h  

type 1, 8/52 (15%) were a s s o c i a t e d  w i t h  type 2 and 17/52 (33%) 

w e r e  a s s o c i t a e d  wit h  type 3 (in 21/52 cases, mor e  than one 

serot y p e  was isolated). All the type 2 a n d  type 3 st r a i n s  were 

v a c c i n e  like on the basis of b i o c h e m i c a l  and s e r o l o g i c a l  tests. 

However, bot h  type 1 strains wer e  wild-type, a nd p r o b a b l y  

r e p r e s e n t  chance infections. 12 of the type 3 s t r ains were 

c h a r a c t e r i s e d ^ T l  o l i g o n u c l e o t i d e  m a p p i n g  (Minor, 1982). The 

maps of all 12 st r a i n s  were i s o lated from the c e n t r a l  nervous 

sy s t e m  of fatal cases. T h e s e  fin d i n g s  t h e r e f o r e  p r o v i d e  strong 

e v i d e n c e  that the S a b i n  type 3 v a c c i n e  strain c a n  cause 

p o l i o m y e l i t i s .
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1.7,6. Attenuation.

Although the Sabin vaccines have been in use for over twenty years 

the actual basis for their attenuation has never been established. Early 

studies attempted to correlate physical properties of the virus particle 

with attenuation or virulence. It was observed that the plaguing efficiency 

under acid overlay showed some correlation with virulence (Vogt et al., 

1957). Other workers noted a differential affinity between attenuated and 

neurovirulent strains for compounds such as calcium phosphate (Modes et

al., 1960), cellulose resin (Woods and Robins, 1961) or aluminium hydroxide

(Koza et al., 1963). Differences have also been observed in the degree to 

which various strains aggregate in conditions of low ionic strength 

(Totsuka et al., 1978). The Sabin type 1 vaccine is more labile in the 

presence of SOS than the virulent Mahoney strain from which it was derived 

(Young and Moon, 1975). Kew et al. (1980) were able to demonstrate amino 

acid changes between Sabin type 1 and Mahoney in three of the four capsid 

proteins. Thes results suggest that attenuated strains have altered 

physical and particularly surface properties, a conclusion strengthened by 

the observation that there are minor antigenic differences between Sabin 

type 1 and Mahoney (van Wezel and Hazendonk, 1979).

For none of the above physical changes has it been possible to

demonstrate a cause and effect relationship with attenuation. However, the 

possibility that attenuation involves physical changes to the surface of 

the virus particle is an attractive model. Sabin suggested that 

neurovirulence of a poliovirus strain may be determined " by its specific 

interaction with neuronal target cells" (Sabin 1956). Mutations giving rise 

to a reduced affinity of the virus for nerve cells at the level of receptor 

binding would therefore possess an attenuated phenotype. The possibility 

that the Sabin vaccine strains are attenuated simply because they have 

aquired random temperature sensitive (ts) mutations has also been
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considered (Lwoff, 1959; Sabin, 1961). Certainly all the vaccine strains 

show a reduced capacity for growth at 40® c. However it has not been 

possible to demonstrate a direct correlation between temperature 

sensitivity and attenuation (Sabin, 1961).

Growing concern over the stability of the Sabin vaccine strains 

has generated new interest in the molecular basis for attenuation. 

Application of the techniques of molecular cloning and rapid sequence 

analysis has lead to the characterization of the genetic changes induced 

during the attenuation of the Sabin type 1 and Sabin type 3 vaccines. 

Comparison of the complete nucleotide sequence of the Sabin type 1 vaccine 

strain, LSc/2ab, with the previously determined sequence of the 

neurovirulent parent strain, Mahoney, revealed that 57 base substitution 

mutations are distributed throughout the genome (Nomoto et al., 1982). Of 

these, 21 result in amino acid substitutions in the viral polyprotein. 12 
of the 21 amino acid substitutions are located in the region of the viral 
genome encoding the capsid proteins. Of particular interest is a cluster of 

five amino acids changes within 20 amino acid residues in the middle of the 
VP1 polypeptide. This cluster of changes tends to support the model for 

attenuation based on the idea that the reduced neurotropism of attenuated 

strains is the result of reduced affinity of the virus for nervous tissue 

at the level of receptor binding. When mapped onto the high resolution 

structure of Poliovirus type 1, the cluster of mutations are located near a 

site implicated in receptor recognition (Hogle et al., 1985; Rossmann et 

al., 1985).

A similar strategy was used to investigate the genetic basis for 

the attenuation of the Sabin type 3 vaccine strain. A more precise 

characterisation of the genetic changes responsible for attenuation was 

achieved by the careful selection of strains for nucleotide sequence 

analysis (Stanway et al., 1984; Cann et al., 1984). The three strains of 

type 3 poliovirus used in this study represent a direct généalogie lineage.



60

P3/Leon/37 is the neurovirulent progenitor of the Sabin type 3 vaccine 

strain (Sabin et al., 1954; Sabin and Boulger, 1983). P3/Leon/12a^b is the 

Sabin type 3 vaccine itself. P3/WHO/119is a virus isolated from the CNS of 

a fatal case of paralytic poliomyelitis associated with administration of 

the vaccine (Minor, 1982). Each of thesfstrains wea plaque purified in 

Hep 2c cells and virus from a single plaque was used to initiaite stocks 

on which all subsequent experiments were performed.

Ribonuclease T1 fingerprints of the RNA genomes of these viruses 

were shown to be identical. Although the technique directly examines only 

approximately 15% of the genome, identical fingerprints from RNA molecules 

of this size suggests an overall homology in base sequence of >99%. This 

degree of homology suggests that random mutational drift between the 

strains is minimal, and therefore observed changes in nucleotide sequence 

have a high probability of relating directly to neurovirulence.

The plaque purified viruses were characterised for their reaction 

in the WHO monkey neurovirulence assay. All animals inoculated with 

P3/Leon/12a^b survived free from paralysis throughout the 22 days of the 

test. The mean lesion score, a measure of the level of virus specific 

damage was 0.72. On the basis of this result the virus would be acceptable 

for use as a vaccine. P3/Leon/37 and P3/WHO/119 were both highly 

neurovirulent, causing paralysis in all animals tested and death in 5/6 and 

6/6 animals respectively. The phenotypes of the plaque purified isolates 

were therefore identical to that of the pools from which the plaques were 

derived.

Complete nucleotide sequences for each of these strains were 

derived from cloned cDNA using the di-deoxy chain termination method. To 

ensure accuracy, all regions of the cDNA were sequenced at least twice. At 

each position where a nucleotide difference was detected between 

P3/Leon/12a^b and its progenitor or the revertant, P3/WHO/119, the sequence 

was checked in both orientations. Only ten base substitution mutations
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Fig. 1. 5.
N u c l e o t i d e  S e q u e n c e  C o m p a r i s o n  of A t t e n u a t e d  and V i r u l e n t  

Strains of P o l i o v i r u s  Type 3 .

C o m p a r i s o n  of the g e n omic seq u e n c e s  of the a t t e n u a t e d  S a b i n  

type 3 v a c c i n e  strain, its v i r u l e n t  progenitor, P 3 / L e o n / 3 7  (top 

panel), and a virulent re v e r t a n t  strain, P 3 / W H O / 1 1 9  (b o t t o m  

panel). The p o s i t i o n s  of n u c l e o t i d e  d i f f e r e n c e s  b e t w e e n  the 

v i r u l e n t  strains and the a t t e n u a t e d  v a c c i n e  stra i n  are 

i n d i c a t e d  and any a m ino acid s u b s t i t u t i o n s  w h i c h  result are 

identified. For e x a mple the a l t e r a t i o n  in seq u e n c e  at 2034 

g e n e r a t e d  in d e r i v i n g  the S a b i n  strain from P 3 / L e o n / 3 7  c h a n g e s  

a serine in the c a p s i d  p r o t e i n  V P 3 of the L e o n  strain to a 

p h e n y l a l a n i n e  in the c a p s i d  p r o t e i n  V P 3 of the S a b i n  strain. 

B a s e  c h a n g e s  which did not p r o d u c e  a m i n o  acid c h a n g e s  are a l s o 

i n d i c a t e d .
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distinguish the type 3 vaccine strain from its neurovirulent progenitor 

(see Fig. 1.5.). Only three of these mutations result in amino acid 

substitutions in viral specific proteins. The most drastic of these is a 

serine to phenylalanine substitution in the structural protein VP3. The 

lysine to arginine substitution in VP1 and the threonine to valine change 

in P2-3b, a non-structural protein of undefined function, are chemically 

more conservative.

It is significant that 8 out of 10 of the Sabin-specific mutations 

are conserved in P3/WHO/119, providing convincing evidence that P3/WHO/119 

is a bone fide revertant of the vaccine (Cann et al., 1984). Seven 

additional changes have occurred between the Sabin vaccine strain and the 

revertant. Again, only three amino acid substitutions were observed. Two of 

these changes are located close together in VP2 and one change is in VP1.

Taken as a whole, the sequence data suggest that there are three 

possible genetic bases for the attenuation of the Sabin type 3 vaccine 

strain. Firstly, a mutation C-U at N472 in the 5' non-coding region is 

implicated by direct back mutation in the revertant P3/WHO/119. A mutation 

A-G at N7432 in the 3' non-coding region may also be significant. This 

position represents the first A residue of the template coded poly (A) 

tract. It is therefore not clear whether the mutational event is a base 

substitution or an insertion. In Fig 1.6. the mutation is shown as a base 

substitution which reverts by direct back mutation in P3/WHO/119. The 

vaccine revertant is not entirely wild-type in this region, however, as an 

additional mutation, A-G, has occurred in the adjacent position (N7431).

The third mechanism is perhaps the more predictable; that is a 

functional change induced in a virus specific protein by an amino acid 

substitution. Any one or combination of the three amino acid substitutions 

observed between the vaccine and its progenitor could be involved in 

attenuation. Here the mechanism of reversion would be suppression because
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Fig 1.6.

Nucleotide Sequence at 3' Terminus of Attenuated and Virulent strains of

Poliovirus type 3

P3/Leon/37 UÜAAÜUCGGAGAAAAA(A)

P3/Leon/12a^b ÜÜAAÜOCGGAGGAAAA(À)^

P3/WHO/119 DÜAAUUCGGAAAAAAA(A)

iSach of the mutations has been conserved in P3/WHO/119. Also, the three

potential suppressor mutations in the revertant are located in structural

proteins. This tends to preclude a role in attenuation for the

Sabin-specific mutation in P2-3b because it is difficult to envisage a 

model in which a mutation in a non-structural protein could be suppressed 

by a mutation in a structural protein.

The major objective of the work carried out for this thesis was to 

distinguish amongst the possible genetic bases for the attenuation of Sabin 

type 3. The work involved the construction of recombinant genomes between 

the parent and the vaccine via infectious cDNA in-vitro and the rescue of 

virus by transfection. Each of the above Sabin-specific mutations were 

isolated using conserved restriction endonuclease sites in the poliovirus 

cDNA. By subjecting the series of inter-strain recombinants to

neurovirulence assay, the significance of the individual Sabin-specific 

mutations to attenuation was determined.
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CHAPTER TWO

The construction of full-length cDNA clones of the poliovirus type 3 Vaccine 

strain, P3/Leon/12a^b, and its neurovirulent progenitor, P3/Leon/37.

2.1 Introduction. '

In 1981, Racaniello and Baltimore demonstrated that a full-length 

cDNA of poliovirus type 1, cloned into the prokaryote vector, pBR322, was 

infectious following transfection of susceptible cells. Although it was not 

possible to produce a dose response, a comprehensive series of controls 

was used in this study. The results suggested that infectious RNA 

molecules are transcribed from the cDNA in-vivo. The mechanism of this 

transcription event was not known, although the authors suggested that the 

host transcription apparatus may recognise a promoter-like sequence in the 
vector. Alternatively, integration into the host genome may be required tc 
place the cDNA under the control of a cellular promoter .

Whatever the mechanism, the initial transcript would be expected 

to contain non viral sequences at the 5' and 3' termini. Racaniello and 

Baltimore (1982) therefore examined the termini of genomic RNAs purified 

from cDNA derived virus. The sequence of the first 38 nucleotides from the 

5' end was determined and shown to be identical to wild-type virus. The 

cDNA derived virus was polyadenylated at the 3' end and a 

T1 oligonucleotide representing nucleotides 7419-7434 was unaltered in the 

T1 RNase fingerprint suggesting that the 3' end of the cDNA derived virus
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was very similar or identical to the 3' end of wild-type virus. These 

results imply that some sort of processing event occurs in transfected 

cells. Recent studies suggest that the first two nucleotides of the 

poliovirus genome are not template coded, but are derived from a species 

VPg-pU-pU which serves as a primer for the viral RNA replicase (Tagegami et 

al., 1983). If this model is correct, accurate processing could be achieved 

following replication of a primary transcript.

This chapter describes the construction of full-length cDNAs of 

the poliovirus type 3 vaccine strain, P3/Leon/12a^b, and its neurovirulent 

progenitor, P3/Leon/37. The cDNA was cloned into the PstI site of pAT 153, 

a high copy number derivative of pBR322. The possibility of obtaining 

infectious virus from these cDNA clones was investigated by transfection of 

human epithelial cells using the modified calcium phosphate 

co-precipitation technique.

2.2 The origin of sub-genomic cDNA clones of P3/Leon/12a^b

Overlapping cDNA clones representing the entire genome of the 

poliovirus type 3 vaccine strain, P3/Leon/12a^b, were prepared in E.coli 

using the RNA.cDNA hybrid cloning technique (Cann et al., 1983). The 

advantage of this technique is that cDNA clones corresponding to the 5' 

terminus can be isolated. Viral RNA was prepared from a plaque purified 

isolate of P3/Leon/12a^b. The purified RNA was used as a template for cDNA 

synthesis by AMV reverse transcriptase using oligo dT as a primer. dC 

tailed RNA.CDNA hybrids were annealed to dG tailed pAT 153 and transformed 

into E.coli strain JA221, which were plated out in the presence of 

tetracycline. Replacement of the viral RNA strand with DNA and repair of 

the homo polymeric regions to produce a ds cDNA recombinant occurs in-vivo and 

is a function of the host cell metabolism. Recombinants were identified by 

their sensitivity to ampicillin.
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Fig. 2. 1.
S u m m a r y  of S u b - g e n o m i c  c D N A s  Use d  to C o n s t r u c t  p O L I O  S A B I N

S u b - g e n o m i c  c D N A  c l o n e s  were o b t a i n e d  f r o m  P 3 / L e o n / l 2 a i b  by  the 

h y b r i d  c l o n i n g  t e c h n i q u e  (Cann et al., 1983). A  subset of 

o v e r l a p p i n g  c D N A  c l o n e s  (b) wer e  selected for the c o n s t r u c t i o n  

of a c o m p l e t e  c D N A  c o p y  on the basis of a c o m p o s i t e  r e s t r i c t i o n  

e n d o n u c l e a s e  map (a) d e r i v e d  by the m e t h o d  of S m i t h  and 

B i r n s t e i l  (1976).
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Amp* Tet^ transformants were characterised by colony hybridisation 

experiments using the method of Grunstein and Hogness (1975). Clones 

containing cDNA corresponding to the 3' region of the genome were 

identified using a 3' enriched probe prepared from a reverse transcription 

reaction containing sub-optimal ammounts of dATP. Clones containing cDNA 

corresponding to regions towards the 5' end of the genome were identified 

using cDNA probes prepared from a reverse transcription reaction in which 

DNase I treated, sheared, salmon-sperm DNA was used as a primer. Strongly 

positive colonies were isolated and grown in 10ml cultures. Plasmid DNA 

prepared by a rapid isolation technique was digested with restriction 

endonucleases. Representative plasmids showing overlapping hexameric 

restriction sites were characterized further by the restriction mapping 

method of Smith and Birnsteil (1976). Fig. 2.1. shows the structure of the 

sub-genomic cDNA clones used to construct a full-length cDNA of 

P3/Leon/12a^b, pOLIO SABIN.

2.3. The construction of p OLIO SABIN.

Sub-genomic cDNAs of P3/Leon/12a^b were obtained from Dr. A. Cann. 

The work described in this section was carried out in collaboration with 

R. C. Mountford. The procedure used to construct a full-length cDNA clone 

of P3/Leon/12a^b is outlined in Fig. 2.2 and Fig. 2.3. pSR 1, a recombinant 

clone containing the 1382 nucleotides from the 3' terminus, was produced 

using restriction fragments generated by PstI and Sohl double digestion of 

pSGA 31 and pSAG 6. The digestion products were separated by 

electrophoresis on a 1% agarose gel and the fragments indicated in Fig. 2.2 

were electroeluted and purified by phenol/chloroform extraction and ethanol 

precipitation. These fragments were ligated using T4 DNA ligase and the 

products of ligation were analysed by agarose gel electrophoresis. A linear 

fragment of the appropriate length was identified and electroeluted.
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Fig. 2. 2.
The C o n s t r u c t i o n  of pSR3, a c D N A  C l o n e  R e p r e s e n t i n g  

the 3* T e r m i n a l  4 , 7 0 0  N u c l e o t i d e s  of P 3 / L e o n / l 2 a ib.

P o l i o v i r u s  c D N A  was c l o n e d  into the P s t I site of p AT 153. 

Pl a s m i d  s e q uences are shown as single lines and p o l i o v i r u s  c D N A  

as h e a v y  lines. B a r r e d  lines indicate the r e s t r i c t i o n  fra g m e n t s  

u s e d  at each step in the c o n s t r u c t i o n  (see text for d e t a ils).  

3' c o r r e s p o n d s  to the 3' t e r m i n u s  of the p o l i o v i r u s  genome.

h = H i n d u  I , p = P s t I , s = S p h I , X  = X h o l .
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Fig. 2. 3.
Th e  C o n s t r u c t i o n  of p O L l Q  SABIN, a C l o n e  C o n t a i n i n g  

a F u l l - l e n g t h  c D N A  of P 3 / L e o n / l 2 a ^b.

S u b - g e n o m i c  c D N A s  were c l o n e d  into the P s t I site of pAT 153. 

P l a s m i d  s e q u e n c e s  are shown as single lines and p o l i o v i r u s  c D N A  

as h e a v y  lines. B a r r e d  lines indicate the r e s t r i c t i o n  fragments 

u s e d  at each step in the c o n s t r u c t i o n  (see text for details). 

3' and 5' c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

b = B a m H I , c = C l a l , h = H i n d iII, p = P s t I , s =

sm =SmaI, x = Xhol.
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The purified fragment was then ligated into PstI digested, 

phosphatase treated pAT 153. Competent E .coli JA221 cells were transformed 

with the ligation mixture and plated out in the presence of tetracycline. 

Plasmid DNA was prepared from 10ml overnight cultures of tetracycline 

resistant transformants using the rapid isolation technique. Recombinant 

plasmids were identified on the basis of size by agarose gel 

electrophoresis, using supercoiled pAT 153 as a size marker. The insert 

could be ligated into the vector in either of two orientations. The 

orientation of the insert with respect to plasmid sequences was considered 

to be important for infactivity because it had been suggested that a 

promoter-like sequence in the vector was required for transcription of cDNA 

in transfected cells (Racaniello and Baltimore, 1981). A recombinant 

containing the insert in the correct, 'infectious cDNA', orientation was 

identified by restriction mapping.

pSR 2 was constructed in a manner analogous to that used for 

pSR 1, i.e. by ligating Pstl-Hindlll fragments from pSAG 16 and pSAG 19 

into PstI digested, phosphatase treated pAT 153. Similarly, pSR 3, a 

recombinant containing the 3' terminal 4824 nucleotides of the genome, was 

constructed using Pstl-Xhol fragments of pSR 1 and pSR 2. pSR 4, a 

recombinant containing the 2764 nucleotides from the 5' terminus was 

constructed using fragments isolated from a PstI and BamhI double digest of

pSAG 25 and a PstI complete and BamhI partial digest of pSAG 24. The

fragments indicated in Fig. 2.3 were ligated into PstI digested,

phosphatase treated pAT 153. Finally, a full-length clone, designated

pOLIO SABIN, was constructed using the unique Smal site in the poliovirus 

cDNA and the unique Clal site at N23 in the vector. pSR 3 and pSR 4 were 

digested with Clal and Smal and the appropriate fragments were ligated 

together. Recreation of the restriction sites used in the construction was 

confirmed at every step, therefore pOLIO SABIN contains a complete cDNA 

copy of the P3/Leon/12a^b genome.
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Fig. 2. 4.
The C o n s t r u c t i o n  of pOLIO LEON, a C l o n e  C o n t a i n i n g  

a F u l l - l e n g t h c D N A  of P 3 / L e o n / 3 7 .

P l a s m i d  sequences are shown as single lines, p o l i o v i r u s  c D N A  as 

d ouble lines. B a r r e d  lines indicate the r e s t r i c t i o n  fragments 

used at each step in the c o n s t r u c t i o n  (see text for details). 

5* and 3 ‘ c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

c = C l a l , p = P s t I , s = S m a l , x = X h o l .
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2.4. The construction of p OLIO LEON.

The work described in this section was carried out by 

Dr. G. Stanway. Overlapping cDNA clones^representingthe entire genome of a 

plaque purified isolate of P3/Leon/37 were obtained using the RNA.cDNA 

hybrid cloning technique described in section 2.1. Fig. 2.4. shows the 

procedure used to constuct a full-length cDNA clone of P3/Leon/37. pGLR 1 

was constructed using fragments produced by PstI and Xhol double digestion 

of pLAG 3 and pLAG 4. The fragments indicated in Fig. 2.4. were ligated 

into PstI digested, phosphatase treated pAT 153. The complete copy, 

pOLIO LEON, was constructed using the Smal site in the poliovirus cDNA and 

the Clal site at N23 in the vector, as described for pOLIO SABIN. It was 

confirmed that the PstI Xhol and Smal sites used in the construction were 

recreated. Hence pOLIO LEON contains a complete copy of the P3/Leon/37 

genome.

2.5. Preparation of plasmid DNA for transfection

One problem encountered during the course of this study was the 

instability of plasmids containing full-length poliovirus cDNAs during 

passage in E.coli. Spontaneous deletion mutants were frequently generated 

following storage of clones as streak cultures at +4“c This is suprising 

because the host strain used throughout this study, E .coli JA221, is a RecA 

mutant. However, several intra-plasmidic recombination pathways have been 

identified which are independent of a functional recA gene product (Laban 

and Cohen, 1981; Jones et al., 1982; Cohen and Laban., 1983). These 

pathways are site specific with the recombinational event occurring within 

regions of internal homology. It is noteworthy that plasmid molecules 

containing a direct repeat of only 7 nucleotides may form a substrate for 

intra-plasmidic recombination (Cohen and Laban, 1983).
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Fig. 2. 5.
Y i e l d  of P l a s m i d  D N A  O b t a i n e d  F r o m  a 1 L i t r e  C u l t u r e

of T r a n s f o r m e d  Cells.

P l a s m i d  D N A  was p r e p a r e d  by the c l e a r e d  lysa t e  m e thod and 

r e s u s p e n d e d  in a total v o l u m e  of 1 ml. The a b s o r b a n c e  of a lOOX 

d i l u t i o n  was d e t e r m i n e d  over the range 200nm - 300nm. An  

absorbance260 of 1.00 is e q u i v a l e n t  to a D N A  c o n c e n t r a t i o n  of 

5 0 u g / m l .

A b s 2 6 0  “ 0.75 ( lOOX d i l u t i o n ) .

D N A  c o n c e n t r a t i o n  = 0,75 X 0.05 X  100 = 3.75mg/ml.
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The frequency with which deletion mutants of the poliovirus cDNA 

clones were isolated suggests that some form of selection pressure is 

operating. Both the original plasmid and the deletion product belong to the 

same incompatibility group. As a result any selective advantage for the 

replication and maintenance of the deletion product would lead to a rapid 

change in the plasmid population following intra-plasmidic recombination 

(Laban and Cohen, 1981). The basis of this selective advantage could be the 

reduced size of the deletion product, although other authors have 

speculated that fortuitous expression of the poliovirus gene products could 

be detrimental to the host cell (Semler et al., 1984).

In order to minimise the amount of time and effort wasted, plasmid 

DNA was routinely prepared on a large scale. Up to 4mg of plasmid DNA could 

be obtained from a 1 litre culture of cells using the 'cleared-lysate' 

method described in chapter 10 (see Fig. 2.5). Each new preparation of 

plasmid DNA was examined by restriction endonuclease mapping for evidence 

of deletion mutation before aliquoting for storage as an ethanol 

precipitate at -20°C.

2 .6. Transfection of Hep 2c monolayers with poliovirus cDNAs.

Three full-length poliovirus cDNAs were available for transfection 

studies. pVRIOS, a complete cDNA copy of the Mahoney strain of poliovirus 

type 1, was the kind gift of Vincent Racaniello. pVR106 had previously been 

shown to be infectious following transfection of HeLa cell monolayers 

(Racaniello and Baltimore, 1981). pOLIO SABIN is a recombinant plasmid 

containing a full-length cDNA of P3/LE0N/12a^b, the Sabin attenuated

poliovirus type 3 vaccine strain. pOLIO LEON is a recombinant plasmid 

containing a full-length cDNA copy of P3/LEON/37, the neurovirulent

progenitor of P3/LEON/12a^b. The construction of pOLIO SABIN and pOLIO LEON

was described in sections 2.2 and 2.3 of this chapter.



69

Hep 2c is a human epithelial cell-line derived from a carcinoma of 

the pharynx. The 'Cincinnati' strain is permissive for poliovirus types 1, 

2 and 3 and is currently the preferred cell-line for characterization of 

the Sabin attenuated vaccine strains in-vitro (Domok and Magrath, 1979). 

The cell-line is maintained by continuous passage in MEM (Eagle)

supplemented with 5\ NCS.

The method of transfection used throughout this study was the

modified calcium phosphate co-precipitation technique (Parker and Stark, 

1979). This method involves the direct application of DNA to sub-confluent 

monolayers of cells, in the form of a calcium phosphate/DNA co-precipitate. 

Following 20 minutes adsorption at 37®C the precipitate is diluted 1:10 

with fresh medium, and the monolayers are incubated for a further 4 hours 

at 37®C. This is followed by a post-incubation treatment with glycerol, 

which enhances the uptake of the calcium phosphate/DNA co-precipitate. The 

cells are then washed three times in fresh medium before applying virus 

growth medium consisting of MEM supplemented with 2% FCS. The transfected 

plates are then incubated at 35®C, which is the permissive temperature for 

the Sabin vaccine strains.

The sensitivity of sub-confluent monolayers of Hep 2c to 

increasing concentrations of glycerol was investigated in a preliminary

series of experiments. Monolayers survived a three minute exposure to 20% 

glycerol in Hepes buffered saline without visible damage to cells. At 

higher concentrations however, an increasing proportion of cells failed to 

recover from the osmotic shock. 20% glycerol was therefore chosen as the 

appropriate concentration for transfection.

The conditions for transfection of Hep 2c monolayers described in 

chapter 8 were established using the infectious cDNA clone, pVR106. 

Observations made during the course of this study have shown that important 

parameters are:-
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1. The nature of the calcium phosphate/DNA co-precipitate. The precipitate 

is prepared by mixing equal volumes of DNA, diluted in 2M CaCloand Hepes 

buffered saline containing phosphate, under conditions of continuous 

agitation. The character of the precipitate is determined by the pH of the 

Hepes buffered saline prior to addition of the CaCl^. At pH 7.1, a very 

fine precipitate develops during a 20 minute incubation at room 

temperature. No infactivity was observed using the coarser, flocculent 

precipitates formed at higher pH.

2. The concentration of the DNA. The optimum concentration for transfection 

was determined to be 20ug DNA per 2 x 10^ cells. Transfection was not 

generally reproducible at lower concentrations.

3. The condition of cell monolayers. Monolayers were seeded the day before 

transfection and sub-confluent monolayers (70-80% confluence) gave better 

results than those which were very dense at the time of addition of the 

calcium phosphate/DNA co-precipitate.

4. Glvcerol treatment. There appeared to be an absolute requirement for the 

post-incubation treatment with 20% glycerol. Transfections using a 15% 

glycerol treatment failed to yield virus.

When sub-confluent monolayers were transfected with 20ug of the 

recombinant plasmid pOLIO LEON, as described in chapter 8, the first signs 

of cytopathic effect were observed 5 to 7 days post- transfection as 

plaque-like areas of rounded, refractile cells in an otherwise intact 

monolayer. All cells were similarly affected within 24 hours. Virus was 

harvested by three cycles of freeze-thawing, followed by centrifugation at 

2k for 10 minutes to remove cell debris. Virus titres obtained varied 

between 10^ and 10® PFU/ml. The cDNA transfection was otherwise completely 

reproducible. Similar results were obtained with pVR106.

Monolayers transfected with pOLIO SABIN, in contrast, showed no 

difference to control monolayers, transfected with 20ug of pAT 153, 

throughout a 14 day incubation at 35®C. No virus could be detected





Fig. 2. 6.
T r a n s f e c t i o n  of H e p  2c M o n o l a y e r s  w i t h  p O L I O  L E O N .

S u b c o n f l u e n t  m o n o l a y e r s  of H e p  2c wer e  t r a n s f e c t e d  w i t h  20ug of 

p O L I O  L E O N  (B) or mock t r a n s f e c t e d  w i t h  20ug of p AT 153 (A) 

using the c a l c i u m  p h o s p h a t e  c o - p r e c i p i t a t i o n  technique. 

M o n o l a y e r s  were stained wit h  c a r b o l  fuschin a f ter 9 d a y s  

i n c u b a t i o n  at 33°C under a 0.5% agar overlay. The specific  

i n f e c t i v i t y  of pOLIO L E O N  was e s t i m a t e d  to be b e t w e e n  1 a n d  2 

p f u / u g  DNA
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following plaque assay of supernatant media. pOLIO SABIN failed to yield 

virus in three subsequent transfections in which either pVR106 or 

pOLIO LEON were used as a positive control. pOLIO SABIN therefore appeared 

to be non-viable.

An attempt was made to estimate specific infectivity of pOLIO LEON 

by a direct plaque assay. Monolayers transfected with pOLIO LEON were 

covered with medium containing 10% FCS and 1% Seakem agarose. 10% FCS was 

required for growth of the monolayers to full confluence under medium 

containing agarose. The monolayers were incubated for 9 days at 35®C in an 

inverted position. To count plaques, the overlay was removed and the 

monolayers were fixed and stained with carbol fuschin. Fig. 2.6. Shows a 

10cm plate transfected with 20ug of pOLIO LEON. Between 20 and 40 

poliovirus plaques were obtained on each of four plates transfected. 

Similar numbers of plaques were obtained following transfection with 40ug 

and lOOug of DNA, indicating that monolayers were already saturated with 

DNA at 20ug per plate.

2.8 Characterisation of virus produced bv cDNA transfection.

Virus recovered from Hep 2c monolayers transfected with pOLIO LEON 

was characterised in the following series of experiments :- 

(a) Antigenicity. Neutralisation test were performed using polyclonal 

antisera raised against poiovirus types 1, 2 and 3. The results shown in 

Fig. 2.7 indicate that the DNA derived virus was neutralised by antibody 

raised against poliovirus type 3, but was resistant to neutralisation by 

antibody raised against poliovirus types 1 and 2. The DNA derived virus was 

therefore shown to be a type 3 poliovirus. The cDNA derived virus was 

designated rP3/LE0N (for rescued poliovirus type 3 LEON). rP3/LE0N was also 

shown to be resistant to a strain specific monoclonal antibody which 

neutralised the type 3 vaccine strain but not P3/Leon/37.
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Fig. 2. 7.
N e u t r a l i s a t i o n  of c D N A - d e r i v e d  V i r u s e s  w i t h  T y p e - s p e c i f i c

A n t i s e r a .

Vi r u s  r e s c u e d  from p O L I O  LEON, a f u l l - l e n g t h  c D N A  of the Leon 

stra i n  of p o l i o v i r u s  type 3, was d e s i g n a t e d  rLEON. V i r u s  

r e s c u e d  from pVR106, a f u l l - l e n g t h  c D N A  of the M a h o n e y  strain 

of p o l i o v i r u s  type 1 ( R a c a n i e l l o  and B a l t imore, 1982), was 

d e s i g n a t e d  rMahoney. r L eon and r M a h o n e y  were c h a r a c t e r i s e d  for 

their r e a c t i o n  with type specific p o l i o v i r u s  a n t i s e r a  in a 

s t a n d a r d  n e u t r a l i s a t i o n  a s s a y  (Domok a nd Magrath, 1976). The 

a s s a y  was p e r f o r m e d  in 96 well m i c r o t i t r e  plates. lOOul of 

virus s u s p e n s i o n  c o n t a i n i n g  10^ T C I D 50 (rows A - D) or 10^ 
T C I D 50 (rows E - F ) were inc u b a t e d  for 3hrs at 35°C with lOOul 

of the f o l l o w i n g  c o m b i n a t i o n s  of antisera:

R o w Row P o l i o v i r u s  A n t i s e r a

3 rLeon 8 r M a h o n e y Type I and T y p e  II

4 rLeon 9 r M a h o n e y Type II and T y p e  III

5 rLeon 10 r M a h o n e y Type I a nd T y p e  III

6 rLeon 11 r M a h o n e y Type I, Type II and Type III

7 rLeon 12 r M a h o n e y V i r u s onl y

10^ H e p  2c c e lls were a d ded to each well. The p l a t e s  wer e 

sealed a nd scored for C P E  f o l l o w i n g  7 d ays i n c u b a t i o n  at 3 1 ^ c .
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Fig. 2. 8 .
T1 RNase F i n g e r p r i n t  of V i r u s  R e s c u e d  F r o m  p O L I O  L E O N .

T1 RNase o l i g o n u c l e o t i d e  f i n g e r p r i n t s  wer e  p r e p a r e d  for virus 

r e s c u e d  from p O L I O  LEO N  (A) and a u t h e n t i c  P 3 / L e o n / 3 7  (B). The 

o r i g i n  (not shown) is t o wards the b o t t o m  left h a n d  c o r n e r  of 

each fingerprint. X  = p o s i t i o n  of xylene c y a n o l  FF  dye marker, 

B = p o s i t i o n  of b r o m o p h e n o l  b l u e  dye marker.
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(b) Analysis of viral RNA. T1 oligonucleotide fingerprint analysis of viral 

RNA was carried out by Dr. P.O. Minor. ^^P-labelled RNA was prepared from 

purified virions of authentic P3/Leon/37 and rP3/LE0N, as described 

previously (Minor, 1980). The fingerprints of both viral genomes obtained 

after RNase T1 digestion are shown in Fig. 2.7. Examination of the 

fingerprints indicated complete identity of all the large oligonucleotides. 

This result indicates that the genome structure of rP3/LE0N is very similar 

and probably identical to P3/Leon/37.

(c) Temperature sensitivity. The ret (reproductive capacity at different 

temperatures) marker test is frequently used to compare seed poliovirus 

strains, attenuated viruses in vaccines and poliovirus strains excreted by 

vaccinees. This test is based on the temperature sensitivity of the 

poliovirus vaccine strains which replicate poorly at the restrictive 

temperature of 40°C. The titre of the virus is determined at 35®C and 40®C 

using the TCID^^ assay described in chapter 8. The rct*^ value is the ratio 

of the log^Qtitre at 35®C to the log^^ titre at 40°C, and is considered to 

be a stably inherited character of any particular strain. Table 2.1 shows 

the results of an ret marker test which revealed that rP3/LE0N is 

indistinguishable from P3/LEON/37. Both viruses are 'wild-type' with 

respect to their sensitivities to temperature. 71/303, a WHO reference 

strain of the Sabin type 3 vaccine, was included as a temperature sensitive 

control.
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Table 2.1.

Temperature sensitivity of rP3/LEQN

Virus

Experiment 1. P3/Leon/37

Titre at Titre at 
35® C 40® C

7.75 6.50

Reduction in 
Infectivity Titre 
35/40®C (Log^g)

1.25 rct/40+

71/303 7.25 0.50 6.75 rct/40'

rP3/LE0N 8.50 7.25 1.25 rct/40*

Experiment 2. P3/LEON/37 7.75 6.50 1.25 rct/40*

71/303 7.00 0.50 6.50 rct/40'

rP3/LE0N 7.75 6.50 1.25 rct/40
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2.8 Summary and conclusions.

Full-length cDNAs of the Sabin type 3 vaccine strain, 

P3/Leon/12a^b, and its neurovirulent progenitor, P3/Leon/37, were 

constructed. In each case the poliovirus cDNA was inserted into the PstI 

site of the plasmid pAT 153. The recombinant plasmid pOLIO LEON, which 

contained the cDNA copy of P3/Leon/37, was shown to be infectious. When 

Hep 2c monolayers were transfected with pOLIO LEON, 20-40 plaques were 

observed per 20ug of plasmid DNA. Comparison of the RNase T1 fingerprints 

of RNA purified from recovered virus and RNA purified from authentic 

P3/Leon/37 revealed that the genome structure of these viruses were very 

similar and probably identical. Recovered virus also had the same 

properties as P3/Leon/37 with respect to antigenicity and temperature 

sensitivity. These results indicate that the cDNA clone pOLIO LEON 

generates virus that is not significantly different from the parent virus, 

P3/Leon/37. pOLIO LEON can therefore be used to produce directed 

alterations in the genome of P3/Leon/37.

In - contrast to the results obtained with pOLIO LEON, the 

recombinant plasmid pOLIO SABIN failed to yield virus in a series of 

transfection experiments. Identification of an internal restriction 

fragment of the poliovirus cDNA which appeared to contain a lethal mutation 

is described in the next chapter.
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CHAPTER THREE

Partial Characterisation of a Defective Region of pOLIO SABIN.

3.1. Introduction.

pOLIO SABIN, a recombinant plasmid containing a full-length cDNA

copy of P3/Leon/12a^b, consistently failed to yield virus following

transfection of Hep 2c monolayers. The specific infectivity of pOLIO LEON 

was estimated to be less than 10 PFU/ug plasmid DNA, which is in good

agreement with results obtained in other laboratories (Racaniello and 

Baltimore, 1981; Semler et al., 1984). With such low yields of virus from 

cDNA, it may be impossible to differentiate between a non-viable mutant and 

a viable mutant in which the growth of the virus is severely retarded 

compared to wild-type virus. However, the Sabin type 3 vaccine strain grows 

to high titre in tissue culture at the permissive temperature of 35®C. It 

was therefore concluded that pOLIO SABIN was intrinsicaly non-viable.

The complete nucleotide sequence of P3/Leon/37 was derived from

the cDNA insert of pOLIO LEON using a protocol which involved sub-cloning 

of random-sheared fragments into M13mp9. The integrity of the recombinant 

plasmid, pOLIO LEON was therefore never in doubt. The complete nucleotide 

sequence of P3/Leon/12a^b, in contrast, was derived from overlapping 

sub-genomic cDNA clones. Some of these proved to be unsuitable for use in 

the construction of the complete cDNA copy. As a result, several of the 

sub-genomic, cDNA clones used in the construction of pOLIO SABIN had not 

been sequenced. It was possible that one of these cDNAs contained a lethal 

mutation. Such mutations could be an artifact of the cloning technique.
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such as a reverse transcriptase error or a mutation introduced during the 

repair of the RNA.cDNA hybrid in E.coli. In this respect it should be noted 

that the restriction maps of pOLIO LEON and pOLIO SABIN are identical. The 

mutation is unlikely to be the result of a major rearrangement of the type 

reported to be associated with the hybrid cloning technique (Okayama and 

Berg, 1982). An alternative source of aberrant cDNA could be reverse 

transcription of a non viable genome. As discussed in section 1.6.2., 

populations of RNA genomes are heterogeneous and non-viable genomes are 

probably generated at high frequency during normal viral replication.

The aim of the work described in this chapter was to determine why 

pOLIO SABIN was non-viable. This was achieved by constructing a series of 

reciprocal recombinants between pOLIO SABIN and pOLIO LEON and assaying 

these recombinant cDNAs for infectivity by transfection of Hep 2c 

monolayers.

3.2. The construction of SLR 1 and SLR 2 .

The construction of the first pair of reciprocal recombinants is 

outlined in Fig. 3.1. These constructions use the unique Smal site at N2769 

in the poliovirus cDNA and the unique Sail site at N651 in the vector, 

pAT 153. pOLIO SABIN and pOLIO LEON were digested to completion with Smal 

and Sail to generate fragments of 5.0kb and 6.1kb. SLR 1 was constructed by 

ligating the 5.0kb fragment of pOLIO SABIN to the 6.1kb fragment of 

pOLIO LEON. The resulting plasmid contained a recombinant cDNA insert in 

which the 5' terminal 2769 nucleotide residues were derived from pOLIO 

SABIN and remainder of the genome were derived from the pOLIO LEON. SLR 2 

was constructed as the genetic reciprocal of SLR 1.
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Fig. 3. 1.
T he C o n s t r u c t i o n  of SLR 1 and S L R  2

p O L I O  L E O N  and p O L I O  SABIN are r e c o m b i n a n t  p l a s m i d s  c o n t a i n i n g  

f u l l - l e n g t h  c D N A s  of P 3 / L e o n / 3 7  and P3/Leon/l2aib, 

respe c t i v e l y .  A  pair of reci p r o c a l  recom b i n a n t s  were 

c o n s t r u c t e d  b e t w e e n  p O L I O  L E O N  and p O L I O  SABIN using the S m a l 

site at N 2 7 6 4  in the c D N A  and the S a i l site in the vector, 

p AT 153 (see text for details). V e c t o r  se q u e n c e s  are shown as 

single lines and p o l i o v i r u s  c D N A  as d o uble lines. Open double 

lines r e p r e s e n t  P 3 / L e o n / 3 7  s e q uences and filled double lines 

r e p r esent P 3 / L e o n / 1 2 a % b  sequences. The r e s t r i c t i o n  fragments 

used to c o n s t r u c t  SL R  1 a nd SL R  2 a re shown as b a r r e d  lines. 5* 

and 3' c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

p = P s t I , s = S a i l , sm = S m a l .
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Fig. 3. 2.
T he C o n s t r u c t i o n  of S 3 */l  and S V 1 , P 2 / L .

p O L I O  L E O N  and p O L I O  SABIN are c l o n e s  c o n t a i n i n g  f u l l - l e n g t h  

cDNAs of P 3 / L e o n / 3 7  and P3/Le o n / l 2 a i b ,  re s p e c t i v e l y .  S L R  2 

c o n t a i n s  a r e c o m b i n a n t  c D N A  insert in w h i c h  the 5' terminal 

2764 r e s i d u e s  wer e  d e r i v e d  from p O L I O  L E O N  and the r e m a i n d e r ' o f  

the c D N A  from p O L I O  SABIN. A  pair of r e c i p r o c a l  r e c o m b i n a n t s  

were c o n s t r u c t e d  b e t w e e n  SLR 2 a n d  p O L I O  L E O N  using the B g l lI 

site in the c D N A  a nd the S a i l site in the vector, p A T 1 5 3  (see 

text for details). V e c t o r  s e q u ences are shown as single lines 

and p o l i o v i r u s  c D N A  as double lines. O p e n  doub l e  lines 

r e p r esent P 3 / L e o n / 3 7  sequences and filled doub l e  lines 

represent P 3 / L e o n / 1 2a]^b sequences. The r e s t r i c t i o n  fragments 

used to c o n s truct S 3 ' / L  and S V 1 , P 2 /l  are shown as b a r r e d  lines. 

5 ‘ and 3' c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

bg = B g l l I , s = S a i l .
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Fig. 3. 3.

The C o n s t r u c t i o n  of S3'/L; Isolation of the 3.8kb B g l l l / S a l l

Fragment of S LR 2 .

SLR 2 ,  was l i n e a r i s e d  by  d i g e s t i o n  wit h  S a i l and then p a r t i a l l y

d i g e s t e d  with B g l ll (lu enzyme/ ug DNA). P a r t i a l  d i g e s t i o n

p r o d u c t s  were s e p a r a t e d  b y  e l e c t r o p h o r e s i s  on a 1 % a g a r o s e  gel 

(2hrs at l O O V ) . The p r o d u c t s  of a 10 m i n u t e  d i g e s t i o n  w i t h  

B g l ll (10m) are shown, together with the p r o d u c t s  of a 25 

minu t e  (25m) d i g e s t i o n  w h i c h  was d e t e r m i n e d  to be op t i m a l  for 

the isolation of the r e q uired 3.8kb fragment. pOLIO L E O N  

d i g e s t e d  with E c o R I (Ml) or B g l ll (M2) wer e  used as size

markers. The d i a g r a m  i n d i cates the p r e d i c t e d  size (bp) of each

d i g e s t i o n  product.

O = origin, B = p o s i t i o n  of b r o m o p h e n o l  blue.
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3.3. The construction of S3'/L and SV1.P2/L.

Fig. 3.2. shows the construction of a pair of reciprocal 

recombinants between SLR 2 and pOLIO LEON. These constructions used the 

Bglll site at N5064 in the poliovirus cDNA and the Sail site at N651. There 

are two additional Bglll sites in the cDNA, at N3421 and N6308. SLR 2 was

digested to completion with Sail . The linearised plasmid was then partially

digested with Bq III. Fig. 3.3. shows the partial digestion products 

following electrophoresis on a agarose gel for two hours. The 3.8kb

fragment was electroeluted and purified by phenol/chloroform extraction and 

ethanol precipitation. The second fragment used in the construction was 

obtained by Sail complete an Bglll partial digestion of pOLIO LEON.

S3'/L was constructed by ligating the 3.8kb fragment of SLR 2 to

the 7.3kb fragment of pOLIO LEON. The Sail site is located within the

coding region of the tetracycline resistance gene of pAT 153. Therefore^ 

when E.coli cells were transformed with the ligation mixture and plated out 

in the presence of tetracycline, only those cells containing the required 

plasmid were able to form colonies. S 3 ' f L contains a recombinant cDNA 

insert in which the 5' terminal 5064 nucleotides were derived from 

pOLIO LEON and the rest of the genome was derived from pOLIO SABIN. 

SV1,P2/L was constructed as the genetic reciprocal of S3'/L.

3.4. Transfection of Hep 2c monolayers with recombinant cDNAs.

Fig. 3.4. shows the structure of four recombinant cDNAs 

constructed between the infectious cDNA clone pOLIO LEON and the non-viable 

cDNA clone pOLIO SABIN. These were assayed for infectivity by transfection 

of Hep 2c monolayers using the calcium phosphate co-precipitation technique 

described in chapter 2. The results of the transfection experiments are 

summarized in Table 3.1.



n ♦n on Vn n zo
pOLIO SABIN

SLR 1

SLR 2

(Ooto
SV1 P2/L

S 3 '/L

pOLIO LEON

I I
VP4 VP2

I I
VP3 VP1

I I I
P2-3b P 2-X

I II I
P3-1b

Vpg
PROT.

POLYM.



Fig. 3. 4.
S t r u c t u r e  of R e c o m b i n a n t  P o l i o v i r u s  cDNAs.

S i n g l e  lines represent P 3 / L e o n / 3 7  s e q u e n c e s  ( d e rived from 

p O L I O  LEON) and h e a v y  lines represent P 3 / L e o n / 1 2a]^b s e q u ences 

(derived from p O LIO SABIN). N u c l e o t i d e  d i f f e r e n c e s  o b s e r v e d  

b e t w e e n  P 3 / L e o n / 3 7  a n d  P 3 / L e o n / l 2 a ^ b  are shown as o p e n  c i r c l e s 

for the n o n - c o d i n g  c h a n g e s  and filled c i r c l e s  for the c o d i n g 

changes. The p o s i t i o n s  of r e s t r i c t i o n  sites u sed to c o n s t r u c t  

the r e c o m b i n a n t s  are shown in bp.
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Table 3.1 

Infectivity of Recombinant cDNAs

Recombinant

SLR 1

Region of the genome 
derived from pOLIO SABIN

5' end - N2764

Infectivity following 
Transfection of Hep 2c 

monolayers.

1.1 X 10^ PFU/ml
3.0 X 10^ PFU/ml

SLR 2 N2764- 3' end Non-viable

SV1,P2/L N2764 - N5064 Non-viable

S3'/L N5064 - 3' end 1.2 X 10^ PFU/ml 
1.4 X 10^ PFU/ml

pOLIO LEON was used as a positive control in each experiment and 

consistently yielded between 10^ and 10^ PFU/ml of virus. Similar titres 

were obtained for the recombinant SLR 1. SLR 2, in contrast, failed to 

yield virus in three separate transfection experiments and was therefore 

judged to be non-viable. These results suggested that a lethal mutation was 

located between residue 2764 and the 3' terminus of the pOLIO SABIN cDNA.

SLR 2 was used to construct two further recombinants. S3'/L 

consistently yielded virus following transfection indicating that the 

region of the pOLIO SABIN cDNA from residue N5064 to the 3' terminus was 

structurally intact. The reciprocal recombinant, SV1,P2/L, was shown to be 

non-viable in three separate transfection experiments in which pOLIO LEON 

had yielded virus. In this recombinant an internal restriction endonuclease 

fragment of pOLIO LEON, spanning residues 2764-5064, has been replaced with 

the corresponding region of pOLIO SABIN.





Fig. 3. 5.
R e s t r i c t i o n  E n d o n u c l e a s e  D i g e s t i o n s  of S L R  2 and SV1,P2/L;

C o m p a r i s o n  w i t h  p O L I O  L E O N .

P l a s m i d s  c o n t a i n i n g  f u l l - l e n g t h  c D N A s  of the p o l i o v i r u s  genome 

are u n s t a b l e  in E . c o l i . To c o n f i r m  that the n o n - v i a b l e  clones, 

SLR 2 and S V 1 , P 2 /l , c o n t a i n e d  no gross deletions, a series of 

r e s t r i c t i o n  e n d o n u c l e a s e  d i g e s t s  were p e r f o r m e d .  R e s t r i c t i o n  

fra g m e n t s  o b t a i n e d  fol l o w i n g  d i g e s t i o n  of S L R  2 and S V 1 , P 2 /l  

with B g l l l , E c o R I , P s t I and S m a l were identical to those 

o b t a i n e d  f o l lowing d i g e s t i o n  of the v i a b l e  clone, p O L I O  LEON, 

with the same enzymes. In vivo d e l e t i o n  u s u a l l y  involved 

seq u e n c e s  in the 3' r e g i o n  of the genome, i n d i c a t e d  by the loss 

of the 1 . 3kb B g l ll fragment ( r e p r e s e n t i n g  residues N5064 - 

N 6 3 0 8 ) . The 1 . 3kb B g l ll fragment is i n d i c a t e d  by an arrow.

Uncut

p O L I O  L EON 

a

S LR 2 

b

S V 1 , P 2 / L

c
X  B g lll d e f
X EcoRI 9 h i
X PstI j k 1
X Smal m n o

0 = origin, B = p o s i t i o n of b r o m o p h e n o l  b l u e .
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F i g . 3. 6.

S u m m a r y  of the S u b - g e n o m i c  c D N A s  U s e d  to Deri v e  the C o m p l e t e  

N u c l e o t i d e  S e q u e n c e  of P 3 / L e o n / 1 2 a lb.

The c o m p l e t e  n u c l e o t i d e  sequence of P 3 / L e o n / l 2 a ^ b  was d e r i v e d 

from a series of o v e r l a p p i n g  c D NAs c l o n e d  into the P s t I site of 

p AT 153 (b). Man y  of these p r o v e d  to be u n s u i t a b l e  for the

c o n s t r u c t i o n  of a c o m p l e t e  c D N A  copy. Note, for example, the 

a b s e n c e  of any c o n v e n i e n t  r e s t r i c t i o n  e n d o n u c l e a s e  site in the 

o v e r l a p p i n g  r e g i o n s  of pSAG 24 and p S A G  16. T h ree a d d i t i o n a l  

c D N A  clones were used to c o n s t r u c t  the c o m p l e t e  c D N A  c o p y  of 

P 3 / L e on/12aib, d e s i g n a t e d  p O L I O  SABIN (a). These were pSAG 25, 

pSAG 16 and p S A G  19. p O LIO SABIN was shown to be n o n - v i a b l e  

following t r a n s f e c t i o n  of Hep 2c m o n o l a y e r s .  The f u l l - l e n g t h  

cDN A  a p p e a r e d  to c o n t a i n  a lethal m u t a t i o n  w h i c h  was m a p p e d  to 

a region of the c D N A  spanning r e s i d u e s  N 2 7 6 9 - N 5 0 6 4  (c). This 

regi o n  of the c D N A  c o r r e s p o n d s  to s e q uences d e r i v e d  from 

pSAG 25, pSAG 16 and pSAG 19. N o  n u c l e o t i d e  sequence data were 

a v a i l a b l e  for eith e r  of these clones.
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The poliovirus cDNAs were known to be unstable in E.coli. For this 

reason^ each of the plasmid preparations used in the transfection study was 

examined by restriction enzyme mapping for evidence of deletion mutations. 

Fig. 3.5. shows the restriction fragments obtained following digestion of 

SLR 2 and SV1,P2/L with EcoRI . Bglll. PstI and Smal . These were identical 

to those obtained for pOLIO LEON using the same enzymes. The non-viable 

clones therefore contained full-length poliovirus cDNAs. These digests also

confirmed that the Smal site used in the construction of SLR 2 and the

Bqlll site used in the construction of SV1,P2/L had been recreated.

It was concluded that pOLIO SABIN contained a lethal mutation 

mapping between nucleotide residues 2769 and 5064. Although partial or 

complete nucleotide sequences were derived for several of the sub-genomic 

cDNA clones used in the construction of pOLIO SABIN, no nucleotide sequence 

data were available for this region of the cDNA (see Fig. 3.6.),

3.5, Nucleotide sequence analysis of recombinant polioviruses.

Only ten base substitution mutations were observed between 

P3/Leon/37 and P3/Leon/12a^b. The restriction maps of pOLIO LEON and 

pOLIO SABIN were therefore identical. In order to confirm that viruses 

recovered from the recombinant cDNAs described above were bone fide 

poliovirus recombinants, partial nucleotide sequences were derived directly 

from purified viral RNA by primer extension. This was particularly

important because it was not possible to demonstrate that recombination had 

taken place at the DNA level by restriction mapping.

Nucleotide sequences were obtained from viral RNA by the dideoxy 

chain termination method in an oligonucleotide primed reverse transcription 

reaction. The results of the nucleotide sequencing study, summarized in 

Table 3.2. are compatible with the genome structures of the recombinant 

cDNAs. For example, SLR 1 contains the 5' terminal 2769 nucleotides of
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pOLIO SABIN joined to the 3' terminal 4664 nucleotides of pOLIO LEON. 

Nucleotide sequencing confirmed that mutations mapping to 5' to the 

crossover site, specifically C-T at N472 and C-T at N2034 were 'Sabin-like' 

whereas a mutation mapping 3' to the crossover site, A-G at N3333, was 

'Leon-like'. SLR 1 is therefore a bone fide poliovirus recombinant.

Table 3.2.

Nucleotide sequence analysis of recombinant polioviruses.

Virus Base at Base at Base at Base at Base at 
position position position position position 

472 2034 3333 3464 7165

P3/Leon/37

rSLR 1

rS3'/L

P3/Leon/12a^b T

3.7. Summary and Conclusions.

ND ND

A series of reciprocal recombinants were constructed between the 

infectious cDNA pOLIO LEON and the non-viable cDNA, pOLIO SABIN. These were 

assayed for infectivity by transfection of Hep 2c monolayers. The results 

suggested that an internal restriction endonuclease fragment of the cDNA 

insert of pOLIO SABIN contained a non-viable mutation. This observation 

facilitated the construction of an infectious cDNA of P3/Leon/12a^b, as 

described in the next chapter.
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CHAPTER FOUR

The Construction of SABIN GDW

4.1 Introduction.

A non-viable mutation in the cDNA insert of pOLIO SABIN had been 

mapped to an internal Smal/Bglll restriction endonuclease fragment spanning 

nucleotide residues N2764-N5064. This chapter describes the construction of 

an infectious cDNA copy of P3/Leon/12a^b by replacing the Smal/Bglll 

fragment of pOLIO SABIN with the corresponding region of an alternative 

cDNA clone.

pOLIO 119 is a recombinant plasmid containing a complete cDNA copy 

of P3/WHO/119, a neurovirulent revertant of P3/Leon/12a^b (Stanway et a l .. 

1984). pOLIO 119 was constructed prior to nucleotide sequencing studies. A 

random shearing protocol was used to sub-clone fragments of the poliovirus 

cDNA into M13mp9. The complete nucleotide sequence of the full-length 

poliovirus cDNA was then determined by the di-deoxy chain termination 

method. These studies revealed that only 7 base substitution mutations had 

occurred between P3/Leon/12a^b and P3/WHO/119. Moreover the region spanning 

nucleotide residues N2764-N5064 was entirely conserved in P3/WHO/119 (see 

Fig. 4.1.). pOLIO 119 could therefore be used as a source of cDNA to 

replace the defective region of pOLIO SABIN.

SABIN GDW was constructed by recombination in vitro between
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Fig. 4. 1.
N u c l e o t i d e  S e q u e n c e  C o m p a r i s o n  of P 3 / L e o n / l 2 a ib  and P 3 / W H O / 1 1 9

The d i a g r a m  i l l u s t r a t e s  a c o m p a r i s o n  of the R N A  sequences of 

the S a bin type 3 vaccine, P 3 / L e o n / 1 2a^b, an d  a n e uroVirulent 

revertant of the vaccine, P 3 / W H O/ll9. The p o s i t i o n s  of the 

n u c l e o t i d e  d i f f e r e n c e s  o b s e r v e d  b e t w e e n  the v a c cine and the 

r e v ertant are i n d i c a t e d  a n d  any a m ino acid c h a n g e s  w h ich result 

are identified. It should be n o t e d  that the region of the 

v a c c i n e  s t r a i n  sp a n n i n g  residues N 2 7 6 4  to N 5 0 6 4  is c o m p l e t e l y  

c o n s e r v e d  in P 3 / W H O / 1 1 9 .
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pOLIO SABIN and pOLIO 119. The genome structure of virus rescued from 

SABIN GDW was analysed by partial nucleotide seequencing of purified viral 

RNA. The biological characteristics of the cDNA derived virus was 

determined in the ret marker test and the WHO monkey neurovirulence assay. 

The results of these studies indicated that the cDNA derived virus was

indistinguishable from P3/Leon/12a^b.

4.2. The construction of 5/119(11.

The first step in the construction of SABIN GDW was the 

construction of a 5/119(1), a recombinant plasmid in which the 5' terminal 

2764 nucleotides were derived from pOLIO SABIN and the rest of the genome 

was derived from pOLIO 119. This construction used the unique Smal site at 

N2764 in the poliovirus cDNA and the unique Clal site at N23 in the vector, 

pAT 153.

pOLIO 119 was obtained from Dr. G. Stanway. The procedure used to 

construct 5/119(1) is shown in Fig. 4.2. Smal and Clal double digestion of 

pOLIO SABIN generates fragments of 5.4kb and 5.7kb. It would not be 

possible to resolve these fragments by agarose gel electrophoresis. An 

additional enzyme was therefore used to digest the unwanted fragment.

pOLIO SABIN was digested to completion with Smal . Clal and Bglll to 

generate the 5.7kb Smal/Clal fragment and several smaller fragments formed 

by Bglll digestion of the 5.4kb Smal/Clal fragment. Similarly, pOLIO 119 

was digested with BamHI in addition to Smal and Clal in order to resolve 

the 5.4kb Smal/Clal fragment.

The 5-7kb fragment of pOLIO SABIN was ligated to the 5.4kb

fragment of pOLIO 119. Competent E.coli JA221 were transformed with lOOng

of ligated DNA and plated out in the presence of tetracycline. 23 out of 24 

tet^ transformants appeared to contain full-length recombinant plasmids, as 

judged by agarose gel electrophoresis of plasmid DNA, using pOLIO LEON as a
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Fig. 4. 2.
The Construction of S/119(l).

pOLIO SABIN is a non-viable clone containing a full-length cDNA 
of P3/Leon/l2a^b. The non-viable lesion was mapped to a 
restriction endonuclease fragment spanning residues N2674 to 
N5064 of the cDNA. pOLIO 119 is an infectious clone containing 
a full-length cDNA of P3/WH0/119. The region spanning residues 
N2764 to N5064 is entirely conserved between P3/Leon/12aj^b and 
P3/WH0/119. An infectious cDNA clone of PS/Leon/lZapb was 
constructed by substituting the defective region of pOLIO SABIN 
with the corresponding region of pOLIO 119. The first step was 
the construction of S/ll9(l) in which the 5' terminal 2769 
residues of the cDNA were derived from pOLIO SABIN and the 
remainder of the cDNA from pOLIO 119 (see text for details). 
Vector sequences are shown as single lines and poliovirus cDNA 
as double lines. Filled double lines represent P3/Leon/12aib 
sequences and open double lines represent P3/WHO/119 sequences. 
The restriction fragments used to construct S/ll9(l) are shown 
as barred lines. 5 ‘ and 3' correspond to the termini of the 
poliovirus genome.

b = BamHI, bg = Bglll, c = Clal, sm = Smal
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Fig. 4. 3.
Restriction Endonuclease Digestion of pOLIO 119;

Comparison with pOLIQ SABIN.

Restriction fragments obtained following digestion of 
pOLIO SABIN with Bglll, EcoRI and SstI are identical to those 
obtained following digestion of pOLIO 119 with the same 
enzymes. The 711bp Kpnl B fragment of pOLIO SABIN corresponds 
to residues N2595 to N3306 of the cDNA. The C-T substitution at 
N2637 creates an additional Kpnl site in the cDNA. As a result 
the Kpnl B fragment of pOLIO 119 shows a small deletion 
compared to the Kpnl B fragment of pOLIO SABIN. It also appears 
that the Seal A fragment of pOLIO 119 is deleted compared with 
the Seal A fragment of pOLIO SABIN. This fragment contains the 
PstI site at the 3' terminus of the cDNA. In this case the 
deletion may be the result of variation in the length of the 
poly(A) tract.

pOLIO SABIN pOLIO 119

uncut a b
X Bglll c d
X EcoRI e f
X PstI g h
X S£al i j
uncut k 1
X SphI m n
X S stI o p
X Kpnl q r





Fig 4. 4.
Restriction Endonuclease Digestion of S/119(1).

The mutation at N2634 in P3/WHO/ll9 generates an additional 
Kpnl site in the cDNA. As a result, 45bp are deleted from the 
Kpnl B fragment. The Kpnl B fragment of S/119(1) comigrates 
with the Kpnl B fragment of pOLIO SABIN, indicating that 
S/119(l) lacks the mutation at N2637. The Seal A fragment of 
pOLIO 119 appears to carry a deletion compared to the Seal A 
fragment of pOLIO SABIN, reflecting variation in the length of 
th poly(A) tract. The Seal A fragment of S/119(1) comigrates 
with the Seal a fragment of pOLIO 119, suggesting that S/ll9(l) 
carries the 3' end of the pOLIO 119 cDNA. These results are 
consistent with the predicted structure of S/119(l) (see text 
for details).

X Kpnl X Seal

pOLIO SABIN a h
pOLIO LEON b g
S/119(1) c f
pOLIO 119 d e
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size marker. One of these plasmids, designated 5/119(1) was selected for 

further study.

5/119(1) was shown to contain a recombinant cDNA insert by the 

following procedure. Fig. 4.3. shows a comparison of the fragments obtained 

following restriction endonuclease digestions of pOLIO 119 and pOLIO 5ABIN. 

The 711bp Kpnl fragment of pOLIO 119, spanning nucleotide residues 

N2595-N3305, appears to contain a small deletion when compared to the 

corresponding fragment of pOLIO 5ABIN. Examination of the nucleotide 

sequences of P3/Leon/12a^b and P3/WHO/119 revealed that the base 

substitution mutation C-T at N2637 in P3/WHO/119 generates an additional 

Kpnl site in the cDNA. Similarly, the 364bp Seal fragment of pOLIO 119 

appears to contain a small deletion when compared to the corresponding 

fragment of pOLIO 5ABIN. In this case the Seal fragment spans the PstI site 

at the 3' end of the cDNA. The deletion observed in the 364bp Seal fragment 

of pOLIO 119 presumably reflects variation in the length of the poly(A) 

tail and/or the poly(G.C) tract. Digestion of 5/119(1) with Kpnl and Seal 

revealed that the cDNA was Sabin-like at position N2637 but carried the 119 

3' end (see Fig. 4.4.).

4.3. The Construction of SABIN GDW.

The cDNA insert of 5/119(1) differs in nucleotide sequence from 

P3/Leon/12a^b at only three positions. 5/119(1) carries two 119-specific 

mutations. These are C-T at N6034, a silent mutation in the region of the 

viral RNA encoding the protease, and G-A at N7431 in the 3' non-coding 

region. In addition, reversion of a Sabin-specific mutation has occurred by 

direct back-mutation at N7432. SABIN GDW, a recombinant plasmid with a cDNA 

insert identical in nucleotide sequence to P3/Leon/12a^b, was constructed 

by recombination between 5/119(1) and pOLIO SABIN (see Fig. 4.6). This 

construction used the Belli site at N5064 in the poliovirus cDNA and the
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Fig. 4. 5.
The Construction of SABIN GDW,

SABIN GDW, an infectious clone containing a full-length cDNA of 
P3/Leon/12a%b, was constructed from S/ll9(l) and pOLIO SABIN 
using the Bglll site at N5064 in the cDNA and the Sail site in 
the vector, pAT 153 (see text for details). Vector sequences 
are shown as single lines and poliovirus cDNA as double lines. 
Filled double lines represent P3/Leon/l2ajb sequences and open 
double lines represent P3/WHO/119 sequences. Restriction 
fragments used to construct SABIN GDW are shown as barred 
lines. 5 ‘ and 3' correspond to the termini of the poliovirus 
genome.

bg = Bglll, Sm = Smal, Sa = Sail.
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Sali site at N651 in the vector. There are two additional Bq III sites in 

the cDNA, at N3421 and N630B. pOLIO SABIN was digested to completion with 

Sail and the linearised plasmid was partially digested with Bglll. The 

partial digestion products were resolved by electrophoresis on a 1% agarose 

gel and the 3.8kb fragment was electroeluted and purified. The second 

fragment used in the construction was obtained by Sail complete and Bglll 

partial digestion of S/119(1).

SABIN GDW was formed by ligating the 3.8kb fragment of pOLIO SABIN 

to the 7.3kb fragment of S/119(1). Competent E.coli JA221 were transformed 

with lOOng of ligated DNA and plated out in the presence of tetracycline, A 

full length recombinant plasmid, isolated from a tet** transformant, was 

designated SABIN GDW. Smal and Bglll digestion of SABIN GDW confirmed that 

the sites used in the construction had been recreated.

4.3. Transfection of Hep 2c monolayers with SABIN GDW.

Sub-confluent monolayers of Hep 2c were transfected with 20ug of 

SABIN GDW per 2 x 10^ cells, using the calcium phosphate co-precipitation 

technique described in chapter 8. The transfected monolayers were incubated 

under liquid medium at 35®C. First signs of cytopathic effect were observed 

5 to 6 days post transfection. Supernatent media were harvested by three 

cycles of freeze thawing at -20®C. The infectivities of the media were 

assayed in Hep 2c monolayers by plaque assay. Between 10^ and 10^ PFU/ml 

was obtained for each of four plates transfected. No infectivity was 

detected in media transfected with pOLIO SABIN, which was used as a 

negative control.
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4.4. Characterisation of virus rescued from SABIN GDW bv transfection.

The results of the following series of experiments provided strong 

evidence that virus rescued from SABIN GDW by transfection is not

significantly different from reference preparations of P3/Leon/12a^b.

(a) Antigenicity. Neutralisation tests were performed in Hep 2c monolayers 

using standard monospecific antisera. The results confirmed that virus 

rescued from SABIN GDW was a type 3 poliovirus (designated rP3/SABIN). 138 

is a highly specific monoclonal antibody which neutralises P3/Leon/12a1b 

but not its progenitor P3/Leon/37 or other wild-type strains (Ferguson 

et al., 1984). rP3/SABIN was recognised by monoclonal antibody 138 in a 

neutralisation test, demonstrating that the cDNA derived virus was

antigenically very similar to P3/Leon/12a^b.

(b) Nucleotide sequence analysis of viral RNA. Partial nucleotide sequences 

were derived directly from purified viral RNA by primer extension. The 

presence of 5 of the 10 Sabin-specific mutations was confirmed (as shown in 

Table 4.1.). SABIN GDW was derived by recombination in vitro between 

pOLIO 119. In order to confirm that each step in the construction had been

successful, nucleotide sequences were derived for regions of the viral RNA

containing 119-specific mutations (see Table 4.2). The first step in the 

construction was verified by the observation that virus rescued from 

5/119(1) carried the 119-specific mutation at N6034 but was Sabin-like at 

positions N472 and N2637. Virus rescued from SABIN GDW was shown to be 

Sabin-like at position N6034. These results confirm that SABIN GDW is a 

complete cDNA copy of P3/Leon/12a^b.
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Table 4.1

Nucleotide sequence analysis of rP3/SABIN. 

(a) Sabin-specific mutations

Virus Base at Base at Base at Base at Base at
position position position position position

472 2034 3333 3464 7165

P3/Leon/37 C C A A G

rP3/SABIN U U G G A

P3/Leon/12a^ b U U G G A

Table 4.2

Nucleotide Sequence analysis of rP3/SABIN.

(b) 119- specific mutations.

Virus Base at Base at Base at Base at Base at
position position position position position

472 1548 1592 2637 6034

P3/WHO/119 C A A U Ü

rP3/S/119(1) u G U C Ü

rP3/SABIN Ü G U C C

P3/Leon/12a^b U G U C C
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(c) Temperature sensitivity. The ret marker test is the most reliable 

biological test for vaccine standardisation in vitro. The test is based on 

the temperature sensitivity of the Sabin vaccine strains which replicate 

poorly at the supra-optimal temperature of 40®C. The reduction in 

infectivity titre, calculated as the ratio of the log^^ titre at 35®C to 

the log^Q titre at 40®C is considered to be a stably inherited character of 

any particular strain. The ret marker test was performed on rP3/SABIN as 

described in chapter 8. P3/Leon/37 and P3/WH0/119 were used as wild-type 

controls in each experiment. 71/303, a WHO reference preparation of 

P3/Leon/12a^b, was included as a positive control. The results shown in 

Table 4.3 demonstrate that rP3/SABIN is indistinguishable from 

P3/Leon/12a^b with respect to temperature sensitivity. The results also 

conform to National Control criteria which require that virus for use a a 

poliomyelitis vaccine should show a reduction in infectivity titre at 40®C 

of at least 5.00 log^^ TCIDg^ (WHO, 1983). Similar results were obtained 

for isolates of rP3/SABIN from three independent transfection experiments.
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Table 4.3.

Temperature sensitivity of rP3/SABIN.

Virus Titre at Titre at Reduction in

Experiment 1. P3/Leon/37 

71/303 

P3/WHO/119 

rP3/SABIN

35®C 40®C Infectivity Titre 
35/40®C (log )

'1 0

7.25 6.00 1.25 rct/40+

6.75 0.75 6.00 rct/40‘

7.50 6.75 0.75 rct/40+

8.25 1.75 6.50 rct/40

Experiment 2. P3/Leon/37 

71/303 

P3/WH0/119 

rP3/SABIN

7.00

7.75

7.75

6.00 1.00 rct/40

6.75 0.75 6,00 rct/40'

7.25 0.50 rct/40

1.50 6.25 rct/40'
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4.6 Neurovirulence of cDNA derived viruses.

Quantitative neurovirulence tests were performed in cynomolgus 

monkeys according to WHO guidlines (WHO, 1983). Briefly, each of four 

monkeys were inoculated with between 6.50 and 7.50 log^^ TCID^^ of virus, 

by injection into the lumbar region of the spinal chord. Monkeys were 

observed over a period of 22 days for signs suggestive of poliomyelitis. 

Animals which became moribund or were severely paralysed were killed and 

autopsied. Surviving animals were killed and autopsied at the end of the 

observation period. For each monkey, representative sections of the brain 

and spinal chord were examined histologicaly for evidence of viral 

activity. A standard scoring system was employed to evaluate the extent of 

the virus specific damage. This system also takes into account the nature 

of the damage, whether immune infiltration or the destruction of neurons. A 

lesion score was calculated for each monkey and a mean lesion score was 

calcuted for each group of monkeys.

The neurovirulence of the cDNA derived viruses, rP3/LE0N and 

rP3/SABIN are compared with results previously obtained for the respective 

parental strains, P3/Leon/37 and P3/Leon/12a^b, in Table 4.4. rP3/LE0N is 

indistinguishable from P3/Leon/37. Both viruses are highly neurovirulent, 

causing paralysis in all test monkeys during the first week of the test. In 

contrast, rP3/SABIN was shown to be highly attenuated. Each of the monkeys 

inoculated with rP3/SABIN survived the test with no indication of paralysis 

or clinical poliomyelitis. Virus specific damage in the CNS was minimal as 

indicated by the extremely low mean lesion score of 0.11. The lesion score 

is significantly lower than the range observed for reference preparations 

of P3/Leon/12a^b in eight neurovirulence assays carried out over a period 

of two years at the N.I.B.S.C. (0.43-0.79) (D. Magrath, personal

communication). On the basis of these results r P3/SABIN would be 

acceptable for use as a vaccine.
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Table 4.4.

Neurovirulence of cDNA derived viruses.

Virus Number of Number of Mean hisologic
animals paralysed animals killed lesion score

P3/Leon/37

rP3/LE0N

P3/Leon/12a^ b

rP3/SABIN

6/6

4/4

0/18

0/4

5/6

4/4

0/18

0/4

2.91

2.71

0.72

0.11

Scoring system for viral activity

1. Cellular infiltration only

2. Cellular infiltration with minimal neuronal damage

3. Cellular infiltration with extensive neuronal damage

4. Massive neuronal damage
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4.7 Summary and conclusions.

This chapter reports the construction of SABIN GDW, a recombinant 

plasmid containing a full-length cDNA copy of P3/Leon/12a^b. Virus rescued 

from SABIN GDW by transfection (rP3/SABIN) was shown to be 

indistinguishable from P3/Leon/12a^b with respect to antigenicity, primary 

genome structure and temperature sensitivity. By the same criteria, virus 

recovered from pOLIO LEON (rP3/LE0N) was shown to closely resemble the 

parental virus, P3/Leon/37.

The neurovirulence of these cDNA derived viruses was compared 

using the Standard WHO Neurovirulence Assay (WHO, 1983). The results were 

unequivocal. rP3/LEON-was shown to be highly neurovirulent. Severe flaccid 

paralysis was induced in each of the test monkeys within one week of 

inoculation. Clinical disease was correlated in each case with massive 

neuronal damage throughout the CNS. rP3/SABIN, in contrast, was shown to be 

highly attenuated. All monkeys survived the test period without clinical 

symptoms and only a minimal degree of virus specific damage was observed in 

the CNS.

The observation that the cDNA derived viruses have the same 

biological characteristics of the respective parental viruses is of great 

significance. The complete nucleotide sequences of P3/Leon/37 and 

P3/Leon/12a^b were derived from cloned cDNA (Stanway et a l .. 1984a,b). A 

major disadvantage with this approach is that individual cDNA clones may be 

unrepresentative of the total population of viral RNA. The observation that 

pOLIO SABIN is non-viable suggests that at least one of the sub-genomic 

cDNAs used in its construction contains an aberrant mutation (see chapter 

3). An aberrant cDNA clone was more precisely characterised during 

nucleotide sequencing studies of P3/WHO/119 (Almond et al.. 1984). A base 

substitution mutation was identified at N2570 which results in a glycine to 

arginine substitution mutation in the N-terminal region of VP1. Further DNA
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sequencing revealed that alternative sub-genomic cDNAs of P3/WHO/119 do not 

possess this mutation. The results presented in this section provide direct 

evidence that the published sequences of P3/Leon/37 and P3/Leon/12a^b 

accurately reflect the 'average sequence' of the parental virus 

populations. It also follows that the 10 base substitution mutations 

observed between P3/Leon/37 and P3/Leon/12a^b must account for the marked 

differences in neurovirulence observed between the two strains.

The availability of infectious cDNAs of P3/Leon/37 and 

P3/Leon/12a^b allows a molecular genetic approach to the analysis of the 

determinants of attenuation. The results presented in Chapter 3 demonstrate 

that it is possible to segregate potential attenuating mutations from 

P3/Leon/12a^b by constructing specific inter-strain recombinants in-vitro 

using conserved restriction endonuclease sites in the cDNA. Recombinant 

virus, rescued by transfection, could then be assayed for neurovirulence 

and in this way the significance of individual Sabin-specific mutations can 

be determined.

The construction of two specific inter-strain recombinants was 

reported in Chapter 3. Additional recombinants were required for a complete 

genetic analysis of the attenuation of P3/Leon/12a^b. These were derived by 

the procedures described in Chapter 5.



93

CHAPTER FIVE

The Construction of inter-strain poliovirus recombinants

5.1 Introduction.

Nucleotide sequence comparison revealed that only ten base

substitution mutations distinguish the Sabin type 3 vaccine, P3/Leon/12a^b, 

from its neurovirulent progenitor, P3/Leon/37 (Stanway et al., 1984). These 

mutations must account for the attenuated phenotype of the Sabin vaccine. 

Elucidation of the complete nucleotide sequence of P3/WHO/119, a 

neurovirulent revertant of the Sabin vaccine, allowed a re-evaluation of 

the likely significance of the individual Sabin-specific mutations (Cann et 

al., 1984).

Analysis of the data suggested that there were three possible 

genetic bases for attenuation. The first of these involved a C-U

substitution at position 472 in the 5' non-coding region. This mutation was 

implicated by evidence of direct back-mutation in the revertant. An A-G 

substitution at position 7432 in the 3'  non-coding region may also be 

significant. This mutation reverts by direct back-mutation in P3/WHO/119. 

However the revertant is not entirely wild-type in this region as an 

additional mutation was observed in the adjacent position (G-A at N7431).

The third possible mechanism is one of a functional change induced 

in a virus-specific protein by an amino acid substitution. Three of the

mutations observed between the Sabin vaccine and its progenitor result in
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amino acid changes. The A-U substitution at N2034 induces a serine- 

phenylalanine substitution in the structural protein VP3. The A-G 

substitution at N3333 causes the chemically more conservative, lysine- 

arginine change in the carboxy terminal region of VP1. Finally, the A-G 

substitution at N3464 induces a threonine-alanine change in the non 

structural protein, P2-3b. Any one or combination of these coding changes 

may contribute towards the attenuated phenotype of the Sabin vaccine. Here 

the mechanism of reversion would be suppression, as each of these mutations 

is conserved in P3/WHO/119.

The preceding chapters describe the construction of pOLIO LEON, a 

full-length cDNA clone of P3/Leon/37, and SABIN GDW, a full-length cDNA 

clone of P3/Leon/12a^b. The infectious agents isolated from Hep 2c 

monolayers transfected with pOLIO LEON or SABIN GDW were shown to be 

identical to the respective parental viruses. Following these observations 

a direct approach to determining the effects of the mutations discussed 

above becomes possible. This involves the construction of recombinant 

genomes via infectious cDNA in vitro and rescue of recombinant virus by 

transfection.

The first experiments of this type were described in chapter 3. 

Two of the four recombinant cDNAs constructed between pOLIO LEON and 

pOLIO SABIN were shown to be infectious following transfection of Hep 2c

monolayers. Virus rescued from the recombinant plasmid SLR 1 derives its 5'

terminal 2764 residues from the vaccine strain and the remainder of its

genome from P3/Leon/37. rSLR 1 (for rescued SLR 1) therefore carries two of

the mutations of interest, at positions 472 and 2034 (Ser-Phe in VP3). 

Virus rescued from S 3 / L  derives its 5' terminal 5064 residues from 

P3/Leon/37 and the remainder of its genome from the Sabin vaccine. In this 

recombinant, therefore, the base substitution mutation at N7432 has been 

segregated from other potentially attenuating mutations.
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This chapter describes the construction of additional inter-strain 

poliovirus recombinants. Each of the five potentially attenuating mutations 

were tïansferred independently to the parental virus genome. By subjecting 

these recombinants to neurovirulence assay it should be possible to 

identify the genetic determinants of attenuation.

5.2. The construction of recombinants between SLR 1 and POLIO LEON.

5.2.1. The construction of SV3/L.

The plasmid SLR 1 contains a recombinant cDNA insert which derives 

its 5' terminal 2764 residues from the pOLIO SABIN and the remainder of its 

genome from pOLIO LEON. The recombinant therefore carries four 

Sabin-specific mutations of which two were implicated as possible 

determinants of attenuation by nucleotide sequence comparisons (Stanway et 

al., 1984; Cann et al., 1984). These were the base substitution mutation at 

N2034 which results in an amino acid substitution Ser-Phe in VP3 and the 

C-U substitution at N472 in the 5' non-coding region. The first 

construction was designed to segregate the VP3 mutation from SLR 1, using 

the Ndel site at N1580 in the cDNA (see Fig. 5.1.).

There are two additional Ndel sites in the cDNA, at N3374 and

N6446. SLR 1 was digested to completion with Ndel and the 1.8kb fragment

(corresponding to poliovirus nucleotides 1580-3374) was isolated and

purified. The second fragment used in the construction was obtained by

partial digestion of pOLIO LEON with Ndel . The partial digestion products 
were separated by electrophoresis on a 0.5% agarose gel. The required

fragment of 9.3kb was only poorly resolved from partial digestion products

of ll.ikb and 8.1kb. These three fragments were electroeluted and purified

by phenol/chloroform extraction and ethanol precipitation. The ll.ikb

fragment and the B.ikb fragment contained an internal Smal fragment which
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Fig. 5. 1.
The C o n s t r u c t i o n  of S V 3 / L  a nd ST/L

p O L I O  L E O N  is a c l o n e  c o n t a i n i n g  a f u l l - l e n g t h  c D N A  of 

P 3/L e o n / 3 7 .  SLR 1 c o n t a i n s  a r e c o m b i n a n t  c D N A  insert in w h ich 

the 5' te r m i n a l  2764 r e s i d u e s  w ere d e r i v e d  from P 3 / L e o n / l 2 a i b  

and the rest of the genome from P3/Leon/37. A  pair of 

r e c o m b i n a n t s  wer e  c o n s t r u c t e d  b e t w e e n  S L R  1 a n d  pOLIO L E O N  (see 

text for details). S V 3 / L  and ST/L are genetic r e c i p r o c a l s  

( a l t hough the r e s t r i c t i o n  sites used in their c o n s t r u c t i o n  were 

not identical). V e c t o r  s e q uences are shown as single lines and 

p o l i o v i r u s  c D N A  as d o u b l e  lines. O p e n  double lines represent 

P 3 / L e o n / 3 7  sequences (derived from p O L I O  LEON) and filled 

do u b l e  lines r e p r esent P 3 / L e o n / l 2 a ^ b  sequences de r i v e d  from 

pO L I O  SABIN). The r e s t r i c t i o n  f r a g m e n t s  used to c o n s t r u c t  S V 3/L 

and S V I / l  are shown as b a r r e d  lines. 5' and 3' c o r r e s p o n d  to 

the termini of the p o l i o v i r u s  genome.

nd = N d e l , n = N r u l , bg = B g l l l , A  = A a t I .
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was absent from the 9.3kb fragment. The recovered DNA was therefore 

digested to completion with Smal and treated with calf-intestinal

phosphatase. The purpose of this treatment was to inactivate the

contaminating fragments, both of which would form viable plasmids following

self-ligation or ligation with the 1.8kb Ndel fragment of SLR 1.

The 1.8kb fragment of SLR 1 was ligated to the partially purified 

9.3kb fragment of pOLIO LEON. Competent E.coli JA221 were transformed with 

approximately lOOng of ligated DNA and plated out in the presence of

tetracycline. 12 out of 24 tetracycline resistant transformants appeared to 

contain full-length recombinant plasmids as judged by agarose gel 

electrophoresis using pOLIO LEON as a size marker. Several plasmids were 

digested with EcoRl and a plasmid in which the insert was in the correct 

orientation was selected. Recreation of the sites used in the construction 

was confirmed by digestion with Ndel . This clone, designated SV3/L, 

contained a recombinant cDNA insert which carried the Sabin specific VP3 

mutation but was otherwise entirely Leon-like.

5.2.2. The construction of ST/L.

There are two Aatll sites in pOLIO LEON, located at 1809 in the 

poliovirus cDNA and at N3585 in the vector. The N1809 site was used to 

segregate the three non-coding changes from SLR 1. Aatll digests pOLIO LEON 

to generate fragments of 6.3kb and 4.8kb. Experience had shown that 

prolonged electrophoresis would be required to resolve these fragments. It 

was therefore decided to use additional enzymes to increase the resolution 

of the desired fragment and prevent cross-contamination. SLR 1 was digested 

with Aatll and Bq III to generate the 4.8kb Aatll fragment and four smaller 

fragments produced by Bglll digestion of the 6.3kb Aatll fragment. 

Similarly, digestion of pOLIO LEON with Ndel in addition to Aatll increased 

the resolution of the 6.3kb Aatll fragment (see Fig. 5.2). The 4.8kb
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Fig. 5. 2.
The C o n s t r u c t i o n  of ST/L: I s o l a t i o n  of the 6 . 3 k b  Aatll F r a g m e n t  

of p O L I O  L E O N  and the 4 . 8 K B  F r a g m e n t  of SLR 1 .

SLR 1 was d i g e s t e d  to c o m p l e t i o n  w i t h  A a t ll and B g l l l . 

D i g e s t i o n  p r o d u c t s  wer e  sep a r a t e d  by e l e c t r o p h o r e s i s  on a 0.8% 

agarose gel. B g l ll d i g e s t i o n  i n c r e a s e d  the r e s o l u t i o n  of the 

r e q u i r e d  A a t ll fragm e n t  of 4 . 8 k b  by d e g r a d i n g  the r e c i p r o c a l  

A a t ll fragment of 6.3kb. Similarly, d i g e s t i o n  with N r u l 

increased the r e s o l u t i o n  of the 6 . 3 k b  A a t II fragment of 

p O L I O  LEON. The p r e d i c t e d  size of each d i g e s t i o n  product (bp) 

is shown in the diagram. p O L I O  L E O N  d i g e s t e d  w i t h  B g l ll (Ml), 

S m a l (M2) and E c o R I (M3) wer e  used as size markers.

O = origin, B = p o s i t i o n  of b r o m o p h e n o l  blue.





Fig. 5. 3.
T he C o n s t r u c t i o n  of ST/L: C h a r a c t e r i s a t i o n  of P l a s m i d  DNA 

I s o lated F r o m  36 T e t r a c y c l i n e  R e s i s t a n t  T r a n s f o r m a n t s .

C o m p e t e n t  E.coli JA221 were t r a n s f o r m e d  to t e t r a c y c l i n e  

r e s i s t a n c e  with lOOng of a l i g a t i o n  m ix c o n t a i n i n g  the 6 . 3 k b  

A a t II fragment of p O L I O  L E O N  ( p h o s phatase treated) and the

4 . 8 k b  fragment of S LR 1. P l a s m i d  D N A  was isolated from 36

t r a n s f o r m a n t s  and c h a r a c t e r i s e d  by a g a r o s e  gel e l e c t r o p h o r e s i s  

using p O L I O  L E O N  as a size marker. 7 of the isolates a p p e a r e d  

to be f u l l - l e n g t h  r e c o m binant p l a s m i d s  (12, 17, 19, 25, 28, 31 

and 32). The r e m a i n d e r  of the p l a s m i d s  were p r o b a b l y  formed by 

s e l f - l i g a t i o n  of the 4 . 8kb A a t II f r a gment w h ich con t a i n s  the 

pAT 153 o r i g i n  of r e p l i c a t i o n  and a f u n c t i o n a l  t e t r a c y c l i n e

r e s i s t a n c e  gene.

M  = p O L I O  L E O N  (lug), 1 - 36 = p l a s m i d  isolates (lug).
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Fig. 5. 4.

C o n s t r u c t i o n  of ST/L: O r i e n t a t i o n  of R e c o m b i n a n t  P l a s m i d s  b y  

R e s t r i c t i o n  E n d o n u c l e a s e  D i g e s t i o n .

The r e c i p r o c a l  A a t ll fragments use d  in this c o n s t r u c t i o n  m ay 

form v i a b l e  p l a s m i d s  by  ligating in either of two o r i e n t a t i o n s  

(see diagram). With the insert l i g a t e d  in the c o rrect 

o r i e n t a t i o n  (plasmid 1), E c o R I d i g e s t i o n  g e n e r a t e s  fra g m e n t s  of 

5.3kb, 3.7kb and 2.1kb. With the insert l i g ated in the wrong

o r i e n t a t i o n  (plasmid 2 ) ,  E c o R I f r a g m e n t s  of 6.3kb, 3.7kb a n d  

l.lkb are generated. Five full - l e n g t h  r e c o m b i n a n t  p l a s m i d s  were  

d i g e s t e d  with E c o R I . D i g e s t i o n  p r o d u c t s  were a n a l y s e d  by 

a g a rose gel electro p h o r e s i s .  In four of the isolates (2 - 5), 

the insert was ligated in the d e s i r e d  o r i e n t a t i o n .  Isolate 1 

c a r r i e s  the insert in the wrong o r i e n t a t i o n .

M = pOLIO L E O N  X  EcoRI, 1 - 5 = p l a s m i d  isolates x E c o R I .
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fragment of SLR 1 contained the entire vector sequence and was therefore 

treated with calf-intestinal phosphatase to prevent self-ligation.

The 4.8kb fragment of SLR 1 was ligated to the 6.3kb fragment of 

pOLIO LEON. Approximately 100ng of cDNA was used to transform E.coli JA221. 

As shown in Fig. 5.3., seven of the plasmids isolated from thirty-six 

tetracycline resistant transformants appeared to be full-length 

recombinants on the basis of agarose gel electrophoresis. Five of these 

plasmids were digested with EcoRI . Fig. 5.4. shows that all five plasmids 

were full-length recombinants, although in one of the plasmids the insert 

was ligated in the wrong orientation.

One of these clones was selected for further study and designated 

ST/L. Recreation of the sites used in the construction was confirmed by 

digestion with Aatll. ST/L therefore contains a recombinant cDNA insert 

which carries three Sabin-specific mutations. The C-U substitution at N472 

in the 5' non-coding region was implicated in attenuation by evidence of 

direct back mutation in a neurovirulent revertant of the vaccine (Cann et 

al., 1984). The two additional mutations, at N220 and N871, are conserved 

in the revertant and, therefore, must be silent with respect to 

attenuation. In ST/L, the mutation at N472 has been segregated from other 

potentially attenuating mutations.

5.3. The construction of recombinants between SABIN GDW and p OLIO LEON.

5.3.1. The construction of SCC/L.

The three Sabin-specific coding changes were segregated from 

SABIN GDW using the PvuII sites at N492 and N3750 in the poliovirus cDNA, 

as shown in Fig. 5.5. SABIN GDW was digested to completion with PvuII and 

the 3,3kb fragment (corresponding to residues N492 to N3750 of the cDNA) 

was isolated and purified. The reciprocal fragment of 7.8kb was obtained



SABIN 
pv GDW

pOLIO pv LEON

. r  PV

S C C /Lpv

py



Fig. 5. 5.
The Construction of SCC/L.

p O L I O  L E O N  and S A BIN G DW are infectious c l o n e s  c o n t a i n i n g  

c o m p l e t e  c D N A s  of P 3 / L e o n / 3 7  and P 3 / L e o n/l2aib, r e s p e ctively. A  

r e c o m b i n a n t  c l o n e  was c o n s t r u c t e d  in w h i c h  an internal P v u ll 

fragment of the p O L l O  LEON c D N A  h as b e e n  s u b s t i t u t e d  w i t h  the 

c o r r e s p o n d i n g  r e g i o n  of SABIN G D W  (see text for details). 

V e c t o r  seq u e n c e s  are shown as single lines and p o l i o v i r u s  c DNA 

as d o u b l e  lines. Filled double lines r e p resent P 3 / L e o n / 1 2 a % b  

s e q uences (derived from SABIN GDW) and o p e n  doub l e  lines 

r e p r esent P 3 / L e o n / 3 7  sequences (derived fro m  p O L l O  LEON). The 

r e s t r i c t i o n  fr a g m e n t s  used to co n s t r u c t  SCC/L are shown as 

ba r r e d  lines. 5' and 3' c o r r e s p o n d  to the termini of the 

p o l i o v i r u s  genome.

pv = P v u l l , sm = S m a l .
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from a PvuII digest of pOLIO LEON. Fragments of this size co-migrate with 

the supercoiled plasmid DNA. pOLIO LEON was therefore digested with Smal 

prior to digestion with PvuII to reduce the possibility of contamination. 

The 7.8kb PvuII fragment of pOLIO LEON contains the entire vector sequence 

and was therefore treated with calf-intestinal phosphatase before ligating 

to the 3.3kb Pvull fragment of SABIN GDW. As shown in Table 5.1, 

phosphatase treatment failed to prevent self-ligation of the 7.8kb Pvull 

fragment.

Table 5.1 ,

Transformation of E.coli JA221.

Tet’’ Transformants.

1) Ing pAT 153 61

2) lOOng lig. mix 1. pOLlO LEON 7.8kb* 91
SABIN GDW 3.3kb

3) lOOng lig. mix 2. p.OLlO LEON 7.8kb* 398

4) lOOng lig. mix 3. SABIN GDW 3.3kb

5) lOOng pOLIO LEON 7.8kb
*

*
Treated with calf intestinal phosphatase

In order to isolate full-length recombinant plasmids from the 

total population of tet^ transformants, a colony hybridisation experiment 

wsa performed using the method of Grunstein and Hogness. A radiolabelled 

probe was prepared by nick-translation of the 3.3kb Pvull fragment of 

SABIN GDW, as described in Chapter 8. Tet^ transformants were streaked onto 

nitrocellulose filters and grown overnight at 37oc. Colonies were
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Fig. 5. 6.
The C o n s t r u c t i o n  of SCC/L: I d e n t i f i c a t i o n  of F u l l - l e n g t h  

R e c o m b i n a n t  P l a s m i d s  b y  C o l o n y  H y b r i d i s a t i o n .

C o m p e t e n t  E.coli JA221 were t r a n s f o r m e d  wit h  lOOng of a 

l i g ation mix c o n t a i n i n g  the 7 . 8kb P v u II f r a gment of p O L I O  L E O N 

( p h o s p h a t a s e  treated) and a t h r e efold m o l a r  e x c e s s  of the 3 . 3 k b  

P v u II fragment of SABIN G D W  (see text for details). 

T r a n s f o r m a n t s  were st r e a k e d  ont o  n i t r o c e l l u l o s e  filters and 

g r o w n  o v e r n i g h t  at 37°C. A  c o l o n y  h y b r i d i s a t i o n  e x p e r i m e n t  was / 

p e r f o r m e d  using a r a d i o l a b e l l e d  p r o b e  p r e p a r e d  by  n i c k ^  

t r a n s l a t i o n  of the 3 . 3kb P v u II fragment of S A BIN G D W  (see text 

for details). An a u t o r a d i o g r a p h  d e v e l o p e d  a f t e r  2 days exp o s u r e  

r e v e a l e d  17 s t r o n g l y  h y b r i d i s i n g  c o l o n i e s .  Each of these 

c o l o n i e s  c o n t a i n e d  a f u l l - l e n g t h  r e c o m b i n a n t  plasmid.

A  = N e g a t i v e  control: c o l o n i e s  c o n t a i n i n g  p A T  153.

B = Po s i t i v e  c o n trol: c o l o n i e s  c o n t a i n i n g  S A BIN GDW.
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prepared for hybridisation by lysis and dénaturation in 2M NaOH, as 

described in Chapter 8. The nick-translated probe was passed through a 

spun-column of Sephadex G100 to remove unincorporated label before 

denaturing by boiling for 10 minutes. The probe was added to 20ml of 5X 

denhardts solution, pre-warmed to 65®C, and poured over the nitrocellulose 

filters. Hybridisation was allowed to proceed for 24 hours at 65®C. Filters 

were then washed in 5X benhardts solution before drying and subjecting to 

autoradiography.

Fig. 5.6. shows an autoradiograph developed after 2 days exposure. 

Plasmid DNA was prepared from the 17 positive colonies. Each of these 

plasmids contained a full-length cDNA insert, as judged by agarose gel 

electrophoresis using pOLIO LEON as a size marker. A recombinant plasmid in 

which the 3.3kb PvuII fragment was ligated in the correct orientation was 

identified by restriction endonuclease mapping and designated SCC/L.

5.3.2. The construction of 5V3,V1/L and SP2/L.

Fig. 5.7. shows the construction of a pair of reciprocal

recombinants between SCC/L an pOLIO LEON using the Balll site at N3421 in

the poliovirus cDNA and the Clal site at N23 in the vector, pAT 153. As in

previous constructions an additional enzyme was used in each digest to

increase the resolution of the desired fragments and to reduce the 

possibility of contamination with supercoiled plasmid DNA. pOLIO LEON was 

digested to completion with Clal and Sail . The DNA was then partially 

digested with Bglll. Fig. 5.8. shows the partial digestion products 

following electrophoresis on a 1% agarose gel for 2 hours. The 4.8kb 

fragment was electroeluted and purified by phenol/chloroform extraction and 

ethanol precipitation. The second fragment used in the construction was 

obtained by complete digestion of SCC/L with Clal . Balll and Xhol .
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Fig . 5. 7 .
The Construction of SV3,V1/L and SP2/L.

p O L I O  L E O N  and SABIN GDW are infe c t i o u s  c l o n e s  cont a i n i n g 

f u l l - l e n g t h  c D N A s  of P 3 / L e o n / 3 7  and P3/L e o n / l 2 a 

r e s p e ctively. S C C / L  is a r e c o mbinant clone in w h ich an internal 

P v u II fragment of p O L I O  LEON (residues N492 - N 3 7 5 0  of the 

c D N ^  has .been r e p l a c e d  w i t h  the c o r r e s p o n d i n g  region of SABIN GDW. 
A pair of r e c i p r o c a l  r e c o m b i n a n t s  were c o n s t r u c t e d  b e t w e e n 

S C C/L and p O L I O  L E O N  using the B g l lI site at N3421 and in the 

cDN A  and the C l a l site in the vector p A T  153 (see text for 

details). V e c t o r  seq u e n c e s  are shown as single lines and 

p o l i o v i r u s  c D N A  as doub l e  lines. Open d o u b l e  lines represent 

P 3 / L e o n / 3 7  s e q u e n c e s  and filled d o u b l e  lines represent 

P 3 / L e o n / l 2 a % b  sequences. The r e s t r i c t i o n  fragments used to 

c o n s t r u c t  S V 3 , V l / L  and SP2/L are shown as b a r r e d  lines. S' and 

3' c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

bg = B g l l I , c = C l a l , pv = P v u I I , S = S a i l , x = X h o l .



M

pOLIO LEON X Cla I 

xSal I xBgl lip

,10180 
9162 

%/B144 
>7126 
— 6108 
5090 
4072

3054

/10 495 
’/8576 
'-7332 
. 5609 
• 4006
■ 3163

2036
1635

1018

1919
1643
1244

625
516



Fig. 5. 8.
The Construction of SV3,V1/L: Isolation of the 4.8kb Bglll/Clal

F r a g m e n t  of p O L I O  L E O N .

p O L I O  L E O N  was d i g e s t e d  to c o m p l e t i o n  w i t h  S a i l and C l a l and 

then p a r t i a l l y  d i g e s t e d  w i t h  B g l l I . P a r t i a l  d i g e s t i o n  p r o d u c t s  

were s e p a r a t e d  by  e l e c t r o p h o r e s i s  on  a 1% a g a r o s e  gel for 2hrs 

at lOOV. The 4 . 8 k b  fragment was e x c i s e d  fro m  the gel, 

e l e c t r o e l u t e d  and p u r i f i e d  by p h e n o l / c h l o r o f o r m  e x t r a c t i o n  and 

ethanol p r e c i p i t a t i o n .  B R L  kb l a d d e r  was used as a size marker 

(M). The sizes of p a r t i a l  d i g e s t i o n  p r o d u c t s  are shown in the 

d i a g r a m .

O = origin, B = p o s i t i o n  of b r o m o p h e n o l  blue.
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SV3,V1/L was constructed by ligating the 4.8kb Clal/BgllI fragment 

of pOLIO LEON to the 6.3kb Clal/BgllI fragment of SCC/L. In this 

recombinant an internal restriction endonuclease fragment of the pOLIO LEON 

cDNA has been replaced by the corresponding region of SABIN GDW. SV3,V1/L 

therefore carries three Sabin-specific mutations. G-A at N871 is a silent 

change in the region of the viral RNA encoding VP4. C-U at N2034 results in 

a serine-phenylalanine substitution in VP3. Finally, A-G at N3333 results 

in a lysine-arginine substitution in VP1. SP2/L was constructed as the 

genetic reciprocal of SV3,V1/L, as shown in Fig. 5.7. This recombinant 

carries a single Sabin specific mutation, A-G at N3464, which results in a 

threonine-alanine change in the non-structural protein P2-3b.

5.3.3. The construction of 5V1/L.

The A-G substitution at N3333 results in a lysine-arginine change 

in the structural protein VP1. This mutation was transferrer? to P3/Leon/37 

by constructing a recombinant between SV3,V1/L and pOLIO LEON using the

Smal site at N2769 in the poliovirus cDNA and the Sail site at N652 in the

vector pAT 153 (see Fig. 5.9.). The products of Smal and Sail digestion of 

pOLIO LEON are fragments of 5.0kb and G.ikb. To increase the resolution of 

the desired fragment and to reduce the possibility of cross-contamination, 

a third enzyme was used in each digest. Fig. 5.10. shows the products of a 

Smal . Sail and Bglll digestion of pOLIO LEON, following electrophoresis on 

a agarose gel for two hours. The S.Okb Smal/Sail fragment was

electroeluted and purified by phenol/chloroform extraction and ethanol 

precipitation. The reciprocal Smal/Sail fragment was obtained from a Smal . 

Sail and SstI digest of SV3,V1/L, as shown in Fig. 5.11.

The S.Okb Smal/Sall fragment of pOLIO LEON was ligated to the

6.1 kb Smal/Sail fragment of SV3,V1/L. Competent E.coli JA221 were 

transformed with lOOng of ligated DNA and plated out in the presence of
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Fig. 5, 9.
The Construction of SVl/L.

p O L I O  L E O N  and S A BIN G D W  are i nfectious c l o n e s  c o n t a i n i n g  

f u l l - l e n g t h  c D NAs of P 3 / L e o n / 3 7  an d  P 3 / L e o n / l 2 a i b .  S V 3 , V 1 / L  is 

a r ecombinant c l o n e  in w h i c h  the 2 . 5kb P v u l l/B g l ll fragment of 

p O L I O  LEO N  (residues N49 2  to N 3 4 2 1  of the cDNA) h a s  b e e n  

rep l a c e d  by the c o r r e s p o n d i n g  r e g i o n  of S A BIN GDW. A 

r e c o mbinant p l a s m i d  was c o n s t r u c t e d  b e t w e e n  S V 1 , V 3 / L  and 

pO L I O  L EON using the S m a l site at N 2 7 6 9  in the c D N A  and the 

S a i l site in the vector, p A T  153 (see text for details). V e c t o r  

sequences are shown as single lines and p o l i o v i r u s  c D N A  as 

doub l e  lines. Ope n  d o u b l e  lines rep r e s e n t  P 3 / L e o n / 3 7  sequences 

and filled double lines represent P 3 / L e o n / l 2 a ^ b  sequences. The 

r e s t r i c t i o n  fragments used to c o n s t r u c t  S V l / L  are shown as 

b a r r e d  lines. 5' and 3' c o r r e s p o n d  to the termini of the 

po l i o v i r u s  genome.

bg = B g l l I , s = S a i l , sm = S m a l , ss = S s t I .
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Fig. 5. 10.
The Construction of SVl/L; Isolation of the S.Okb Fragment of

p O L I O  L E O N .

p O L I O  L E O N  was d i g e s t e d  to c o m p l e t i o n  w ith S m a l , S a i l and 

B g l l I . B g l l I d i g e s t i o n  inc r e a s e d  the r e s o l u t i o n  of tl'» re q u i r e d 

S . Okb S a l l/S m a l fragment by d e g r a d i n g  the rec._ o c a l  6 . Ikb 

fragment, t h e r e b y  p r e c l u d i n g  the p o s s i b i l i t y  of

c r o s s - c o n t a m i n a t i o n  d u r i n g  p u r i f i c a t i o n .  Sizes of d i g e s t i o n  

p r o d u c t s  (bp) are shown in the diagram. B R L  kb l a d d e r  was used 

as a size marker (M).

O = origin, B = position of bromophenol blue.
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Fig. 5. 11.
The Construction of SVl/L: Isolation of th 6.Ikb Smal/Sall

F r a g m e n t  of S V 3 ,V1/L.

S V 3 , V l / L  was d i g e s t e d  to c o m p l e t i o n  w i t h  S m a l , S a i l and S s t I. 

D i g e s t i o n  wit h  S s t I i n c r e a s e d  the r e s o l u t i o n  of the r e q u i r e d  

6 . Ikb S a l l/S m a l fragment by  d e g r a d i n g  the r e c i p r o c a l  fragment 

of S.Okb, t h e r e b y  p r e c l u d i n g  the p o s s i b i l i t y  of 

c r o s s - c o n t a m i n a t i o n  d u r i n g  p u r i f i c a t i o n .  The sizes of d i g e s t i o n  

p r o d u c t s  (bp) are shown in the diagram, p O L I O  L E O N  d i g e s t e d  

with E c o R I was used as a size marker (M).

O = origin, B = position of bromophenol blue.
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tetracycline. As expected each of the tet" transformants characterized 

contained a full-length recombinant plasmid. One of these was selected for 

further study and designated SVl/L. In this recombinant an internal 

restriction endonuclease fragment of P3/Leon/37, spanning nucleotide

residues N2769-N3421, has been replaced with the corresponding region of 

SABIN GDW. Therefore, SVl/L carries the A-G substitution at N3333, but is 

otherwise entirely Leon-like.

5.4. Nucleotide sequence analysis of recombinant polioviruses.

Fig. 5.12. shows the genome structure of the four recombinant

polioviruses described above. Each was shown to be infectious following

transfection of sub-confluent monolayers of Hep 2c by the

calcium phosphate co-precipitation technique. The cDNA derived viruses were 

shown to be type three polioviruses in a virus neutralisation assay. Virus 

rescued from the recombinant plasmid SCC/L was designated rSCC/L (for 

rescued SCC/L). The same nomenclature was used for the other recombinants. 

Partial nucleotide sequences were obtained from purified viral RNA by 

adapting the di-deoxy chain termination method to an oligonucleotide primed 

reverse transcription reaction. The results presented in Table 5.2. are 

compatible with the genome structures of the recombinant cDNAs. For 

example, the recombinant plasmid SCC/L contains a cDNA insert in which an 

internal restriction endonuclease fragment of the pOLIO LEON, spanning 

nucleotide residues N492-N3750, has been replaced with the corresponding 

fragment of SABIN GDW. rSCC/L was shown to be Leon-like at N472. The 

recombinant virus carries the three Sabin-specific coding changes at N2034, 

N3333 and N3421, but is Leon-like at N7165.
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Fig, 5. 12.
S t r u c t u r e  of R e c o m b i n a n t  P o l i o v i r u s  c D N A s

p O L I O  L E O N  and SABIN G D W  are i nfectious c l ones c o n t a i n i n g  

f u l l - l e n g t h  c D NAs of P 3 / L e o n / 3 7  and P3/Leon/12aib, 

respe c t i v e l y .  The c D N A  inserts of p O L I O  L E O N  and SABIN G DW are 

shown as a single line and a h e a v y  line respectively. O p e n  

ci r c l e s  r e p r e s e n t  n o n - c o d i n g  c h a n g e s  o b s e r v e d  b e t w e e n  

P 3 / L e o n / 3 7  and P 3 / L e o n / l 2 a i b .  Fill e d  c i r c l e s  c o r r e s p o n d  to 

m u t a t i o n s  w h ich result in a m ino acid substitutions. The 

structure of six r e c o m b i n a n t  cDNAs are shown w ith single lines 

r e p r e s e n t i n g  P 3 / L E O N / 3 7  sequences, d e r i v e d  from p O L I O  LEON, and 

h e a v y  lines r e p r e s e n t i n g  P3/Leon/l2a]^b sequences, d e r i v e d  from  

SABIN GDW. P o s i t i o n s  of the r e s t r i c t i o n  e n d o n u c l e a s e  sites used 

to c o n s t r u c t  the r e c o m b i n a n t  c D NAs are shown in bp.
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Table 5.2

Nucleotide sequence analysis of recombinant polioviruses.

Virus Base at Base at Base at Base at Base at 
position position position position position

472 2034 3333 3464 7165

P3/Leon/37

rST/L

rSV3/L

rSV1/L

rSP2/L

rSV1,V3/L

rSCC/L

P3/Leon/12a^ b
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In view of the high spontaneous mutation frequencies associated 

with replication of RNA genomes, the nucleotide sequencing gels were also 

examined for evidence of aberrant mutations. As a result, a deletion 

mutation was identified at N417 in the 5' non-coding region of virus 

rescued from ST/L. This mutation was shown to be present in virus rescued 

from the other plasmids which derive their 5' non-coding regions from

pOLlO SABIN, i.e SLR 1 and SABIN GDW.

Examination of the sequence of pSAG 24, the 5' terminal

sub-genomic cDNA used in the construction of pOLlO SABIN, confirmed that

the deletion at N417 was present in the cDNA. This mutation could not be

detected when RNA purified from authentic P3/Leon/12a1b was sequenced by 

primer extension. This suggested that pSAG24 was unrepresentative of the 

population of RNA from which the cDNA was derived. The remainder of this 

chapter describes the construction of a recombinant designed to determine 

whether the deletion at N417 is biologically significant.

5.4 The construction of S5'/L.

The full-length cDNA clone SABIN GDW contains an aberrant deletion 

mutation at N417. Two of the poliovirus recombinants also carry this 

mutation: these are SLR 1 and ST/L. In order to determine whether this 

mutation is biologically significant, an additional poliovirus recombinant 

was constructed. It was not possible to segregate the mutation from 

SABIN GDW because of the absence of any convenient restriction endonuclease 

site. It was therefore decided to replace the aberrant region of ST/L with 

the corresponding region of pSAG 21, the sub-genomic cDNA used to derive

the sequence of P3/Leon/12a^b. S5 /L was constructed by recombination 
between ST/L and pSAG 21, as shown in Fig. 5.13. The significance of the

deletion mutation at N417 could then be determined indirectly by comparing

virus rescued from S5'/L and ST/L in temperature sensitivity and

neurovirulence assays.
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Fig. 5. 13.
The Construction of S5'/L.

S5'/L was c o n s t r u c t e d  by s u b s t i t u t i n g  the 1. 2kb M l u l/A c c I 

fragment of ST/L (residues N 2 7 9  - N 1 5 2 2  of the cDNA) with the 

c o r r e s p o n d i n g  region of p S A G  21 (see text for details). V e c t o r  

s e q u ences are shown as single lines a nd p o l i o v i r u s  c D N A  as 

d o uble lines. O p e n  d o u b l e  lines re p r e s e n t  P 3 / L e o n / 3 7  sequences, 

d e r i v e d  from p O L I O  LEON, and filled d o u b l e  lines represent  

P 3 / L e o n / 1 2 a i b ,  s e q u ences d e r i v e d  from p O L I O  SABIN.

C r o s s - h a t c h e d  d o uble lines represent P 3 / L e o n / 1 2 a ^ b  sequences 

d e r i v e d  from p SAG 21. The r e s t r i c t i o n  fragments used to 

c on s t r u c t  S 5 ' / L  are shown as b a r r e d  lines. 5' and 3' c o r r e s p o n d  

to the termini of the p o l i o v i r u s  genome.

ac = AccI, m = Mlul,
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Fig. 5. 14.
N u c l e o t i d e  S e q uence A n a l y s i s  of S 5 ' / L .

p O L I O  SABIN and p O LIO L E O N  are c l o n e s  c o n t a i n i n g  full-length 

cD N A s  of P 3 / L e o n / l 2 a ^ b  and P3/Leon/37, respectively. ST/L 

c o n t a i n s  a r e c o m b i n a n t  c D N A  insert in w h i c h  the 5* t e r minal 

1809 residues were d e r ived from p O L I O  S A BIN a nd the rem a i n d e r  

of the c D N A  was de r i v e d  from p O L I O  LEON. P r i m e r  e x t e n s i o n  

sequ e n c i n g  of virus rescued from ST/L r e v e a l e d  a d e l e t i o n  

m u t a t i o n  at N41 7  which was not p r e s e n t  in aut h e n t i c 

P 3 / L e o n / 1 2 a j b .  The o r igin of this m u t a t i o n  was shown to be 

pSAG 24, a s ub-genomic c D N A  used in the c o n s t r u c t i o n  of 

p O L I O  SABIN. p S A G  21, an a l t e r n a t i v e  sub- g e n o m i c  c D N A  of 

P3 / L e o n / 1 2 a ^ b ,  lacked the m u t a t i o n  at N417.

P 3 / L e o n / 1 2 a l b  A C A G G G T G T G
pSAG 24 A C A G G G - G T G
ST/L A C A G G G - G T G
pSA G  21 A C A G G G T G T G

410 420

pSAG 21 was used to repair the a b e r r a n t  region of ST/L, as 

shown in Fig 5. 13. The resulting clone, d e s i g n a t e d  S5'/L, w as  

c h a r a c t e r i s e d  by n u c l eotide seq u e n c i n g  in the vicinity of N417. 

A  K p n i/E c o R I fragment of S5'/L ( r e sidues N71 - N785 of the 

cDNA) was s u b - c l o n e d  into M13mpl9. N u c l e o t i d e  sequence was 

d e rived by the d i d e o x y  c h a i n - t e r m i n a t i o n  method. The s e q u e n c e  

o b t a i n e d  is c o m p l e m e n t a r y  to the g e n omic sequence.

ST/L C A C - C C C T G T
S5 '/L C A C A C C C T G T

420 410
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The construction used the AccI site at N1522 and the Mlul site at 

N279 in the poliovirus cDNA. There are two additional AccI sites in the 

full-length recombinant plasmid, at N6315 in the poliovirus cDNA and N653 

in the vector, pAT 153. pSAG 21 was digested to completion with AccI and 

Mlul and the 1.2kb fragment (corresponding to nucleotide residues

N279-N1522 of the cDNA) was isolated and purified. The reciprocal fragment 

of 9.9kb obtained from an Mlul complete and AccI partial digest of

ST/L.

55'/L was constructed by ligating the 1.2kb Mlul/AccI fragment of 

pSAG 21 to the 9.9kb MluI/AccI fragment of ST/L. An internal Knnl/EcoRI 

fragment of ST/L (corresponding to nucleotide residues N71-N785 of the 

cDNA) was sub-cloned into M13mp19. The insert was in the correct

orientation for packaging of the strand corresponding to the positive sense 

poliovirus RNA. Single-stranded template, prepared as described in 

Chapter 9, could then be sequenced using the synthetic oligonucleotide 

primers synthesised for RNA sequencing. The nucleotide sequence of the 

region containing N417 was derived by the dideoxy chain-termination method.

The results shown in Fig. 5.14.demonstrates that the construction of S5'/L

was successful.

5.5 The construction of S5'3'/L.

The final recombinant constructed for this study is the genetic 

reciprocal of SCC/L. S5'3'/L was constructed by recombination between S5'/L 

and SABIN GDW using the unique Xhol site at N6051 in the poliovirus cDNA

and the unique Sail site at N651 in the vector, pAT 153. This recombinant

carries the C-U base substitution mutation at N472 in the 5' non-coding

region and the G-A base substitution mutation at N7432 in the 3' non-coding

region but is Leon-like in the region of the three Sabin-specific coding 

changes.
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Fig. 5. 15.
The Construction of S5*3'/L.

p O L I O  L E O N  and S A BIN G D W  are inf e c t i o u s  c l o n e s  c o n t a i n i n g

f u l l - l e n g t h  c D N A s  of P 3 / L e o n / 3 7  and P 3 / L e on/l2aib, 

r espe c t i v e l y .  8 5 ' /L is a r e c o m b i n a n t  c D N A  c l o n e  in w h i c h  the 5' 

t e r minal 1809 r e s i d u e s  c o r r e s p o n d  to P 3 / L e o n / l 2 a i b  sequences 

and the rest of the c D N A  from P 3 / L e o n / 3 7  s e q u e n c e s  (see Fig. 5. 

13). A  r e c o m b i n a n t  p l a s m i d  was c o n s t r u c t e d  b e t w e e n  S 5 '/l  and 

SABIN G D W  using the unique X h o l site at N 6 0 5 1  in the p o l i o v i r u s  

c D N A  and the S a i l site in the vector, p A T  153 (see text for 

d e t a ils). V e c t o r  s e q u e n c e s  are shown as single lines and

p o l i o v i r u s  c D N A  as doub l e  lines. O p e n  d o u b l e  lines represent

P 3 / L e o n / 3 7  s e q u e n c e s  and filled doub l e  lines represent 

P 3 / L e o n / l 2 a i b  sequences. The r e s t r i c t i o n  f r a g m e n t s  used to 

c o n s t r u c t  S 5 ' 3 ' / L  are shown as b a r r e d  lines. 5' and 3' 

c o r r e s p o n d  to the termini of the p o l i o v i r u s  genome.

c = Clal, s = Sail, x = Xhol.
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SABIN GDW was digested to completion with Sail and Xhol and the 

2.8kb fragment was isolated and purified. The reciprocal fragment was 

obtained from a Sail, Xhol and Clal digest of S5/L. S5'/L was constructed 

by ligating the 2.8kb Sall/Xhol fragment of SABIN GDW to the 8.3kb 

Sail/Xhol fragment of S5/L, as shown in Fig. 5.15.

5.6 Nucleotide sequence analysis of recombinant polioviruses.

Fig. 5. 16 shows the genome structure of the recombinant poliovirus 

cDNAs S 5 / L  and S5'3 /L. Both recombinants were infectious following 

transfection of sub-confluent monolayers of Hep 2c by the calcium phosphate 

co-precipitation technique. Virus neutralisation assay confirmed that the 

cDNA derived viruses were type 3 polioviruses.

Partial nucleotide sequences were derived from purified viral RNA 

by primer extension. The results shown in Table 5.3 demonstrate that the 

cDNA derived viruses are bone-fide recombinants. Nucleotide sequencing also 

confirmed that both viruses lack the deletion mutation at N417.
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Fig. 5. 16
S t r u c t u r e  of R e c o m b i n a n t  P o l i o v i r u s  cDNAs.

S e q u e n c e s  d e r i v e d  from P 3 / L e o n / 3 7  are shown as single lines and 

s e q u ences d e r i v e d  f r o m  P 3 / L e o n / l 2 a i b  are shown as h e a v y  lines. 

O p e n  c i r c l e s  rep r e s e n t  n o n - c o d i n g  c h a n g e s  o b s e r v e d  b e t w e e n  

P 3 / L e o n / 3 7  and P 3 / L e o n / l 2 a i b .  M u t a t i o n s  w h i c h  result in a m ino 

acid s u b s t i t u t i o n s  are shown as filled circles. The p o s i t i o n s  ,

of r e s t r i c t i o n  e n d o n u c l e a s e  sits used to c o n s t r u c t  the
/

recombinant cDNAs are shown in bp.
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Table 5.3

Nucleotide sequence analysis of recombinant polioviruses

Virus Base at Base at Base at Base at
position position position position 

417 472 2034 7165

P3/Leon/37 U C C G

rS5'/L U Ü C G

rS5'3'/L U Ü C A

rP3/SABIN G U U A

P3/Leon/12a^b
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5.7 Summary and Conclusions.

This chapter reports the construction of a series of inter-strain 

poliovirus recombinants via cDNA in-vitro. These will be used, together 

with the recombinants described in Chapter 2, to determine the genetic 

bases for the temperature sensitive and attenuated phenotypes of the 

currently used poliovirus type 3 vaccine strain, P3/Leon/12a^b. Each of the 

five potential attenuating mutations, identified by nucleotide sequence 

comparisons, has been segregated from P3/Leon/12a^b.

Nucleotide sequencing studies revealed that SABIN GDW, a 

full-length cDNA clone of P3/Leon/12a^b, contains an aberrant deletion 

mutation at N417 in the 5' non-coding region. An additional recombinant was 

therefore constructed to determine whether this mutation was biologically 

significant.
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CHAPTER SIX

Genetic Basis for Attenuation of the Sabin Type 3 Vaccine and Correlation

with in-vitro Markers.

6.1 Introduction.

The attenuated Sabin type 3 vaccine was derived from the virulent 

'Leon' strain by multiple passage through primary cultures of cynomolgus 

kidney cells (Sabin et al., 1954; Sabin and Boulger, 1975). In addition to 

their differences in the potential for causing disease, these two strains 

of virus differ in a number of biological characteristics, including 

antigenicity and temperature sensitivity.

Antigenic differences between the Sabin type 3 vaccine and 'wild' 

strains of poliovirus type 3 have been demonstrated using specific absorbed 

sera (van Wezel and Hazendonk, 1979). More recently, Ferguson et al. (1982) 

were able to differentiate between the Sabin type 3 vaccine, P3/Leon/12a1b, 

and its virulent progenitor, P3/Leon/37, on the basis of their reaction 

with a panel of strain specific monoclonal antibodies. One of these 

monoclonal antibodies, designated 138, neutralised P3/Leon/12a^b but failed 

to react with P3/Leon/37 in neutralisation or D antigen blocking assays.

The Sabin type 3 vaccine replicates poorly at the supraoptimal 

temperature of 40°C whereas growth of the progenitor strain, P3/Leon/37, is 

only slightly inhibited. The type 1 and type 2 vaccine strains are also 

temperature sensitive mutants. The temperature sensitive mutation of the 

Sabin type 1 vaccine has been shown to inhibit the formation of 14S
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particles during morphogenesis (Fezman et al., 1972). Furthermore,

reversion of the temperature sensitive phenotype of the Sabin type 1

vaccine, by serial passage at successively higher temperatures, correlates 

with an increase in thalamic virulence for monkeys suggesting that the 

temperature sensitive mutation(s) may be responsible for or at least 

contribute towards the attenuated phenotype (Sabin and Lwoff, 1959).

Sabin-specific antigenicity and temperature sensitivity have been 

used as in-vitro markers for vaccine standardisation. The McBride (1959) 

and Wecker (1960) tests are designed to detect antigenic differences within 

serotypes using immune antisera for specific strains. These tests are based 

on the observation that homologous strains are more rapidly neutralised 

than heterologous strains. The standard test for temperature sensitivity is 

the ret marker test (reproductive capacity at different temperatures) in 

which the virus titre determined at 35°C is compared with the titre 

determined at 40°C. These tests are useful in that they allow a comparison 

to be made between vaccine preparations and the seed virus, revealing any 

changes that may occur during the in-vitro passages of the production 

cycle. However, neither test can substitute for neurovirulence assay 

because the relationship between the in-vitro markers and the attenuated 

phenotype has not been unequivocally determined.

The ten base substitution mutations observed between the Sabin

type 3 vaccine, P3/Leon/12a1b, and its neurovirulent progenitor,

P3/Leon/37, must account for the different biological characteristics of 

these strains (Stanway et al., 1984). Evaluation of the likely contribution 

of each mutation in determining the attenuated phenotype of the vaccine was 

made possible following the elucidation of the complete nucleotide sequence 

of P3/WHO/119, a neurovirulent revertant of the vaccine (Cann et al., 

1984). As discussed in chapter 5, mutations at N472 in the 5' non-coding 

region and at N7432 in the 3' non-coding region are implicated in 

attenuation by evidence of direct back mutation in the revertant. Coding
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Fig. 6. 1.
S t r u c t u r e  of R e c o m b i n a n t  P o l i o v i r u s  c D N A s

S e q u e n c e s  d e r i v e d  f rom P 3 / L e o n / 3 7  are shown as single lines and 

s e q u e n c e s  d e r i v e d  fro m  P 3 / L e o n / 1 2 a i b  a r e  shown as h e a v y  lines. 

O p e n  c i r c l e s  r e p r e s e n t  n o n - c o d i n g  c h a n g e s  o b s e r v e d  b e t w e e n  

P 3 / L e o n / 3 7  and P 3 / L e o n / l 2 a i b .  M u t a t i o n s  w h i c h  result in amino 

acid s u b s t i t u t i o n s  are shown as filled circles. The p o s i t i o n s  

of r e s t r i c t i o n  e n d o n u c l e a s e  sites use d  to c o n s t r u c t  the 

r e c o m b i n a n t s  are shown in bp
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changes within the region of the genome encoding the virus capsid proteins 

may also be significant. These changes are located at N2034 (Ser-Phe in 

VP3) and N3333 (Lys-Arg in VP1).

To define precisely the contribution of each of the above 

mutations, a series of recombinants were constructed between the parent and 

the vaccine via cDNA in-vitro. Fig. 6.1 shows the the genome structures of 

the ten poliovirus recombinants described in chapter 2 and chapter 5. 

This chapter reports the results obtained when the panel of recombinants 

were subjected to the WHO monkey neurovirulence assay. The recombinants 

were also used to identify the mutations responsible for the differences in 

antigenicity and temperature sensitivity observed between the vaccine and 

its progenitor.

6.2, Antigenicity

Monoclonal antibody 138 neutralises the Sabin type 3 vaccine, 

P3/Leon/12a^b, but fails to react with the progenitor strain, P3/Leon/37, 

or other 'wild' type 3 strains (Ferguson et al., 1982). Two of the 

mutations observed between the progenitor and the vaccine result in amino 

acid substitutions in the structural portion of the genome. These are C-Ü 

at N2034, which results in a serine to phenylalanine substitution in VP3, 

and A-G at N3333, which results in a lysine to arginine substitution in

VP1. Either of these changes could be involved in recognition of the Sabin

vaccine by monoclonal antibody 138.

Six of the recombinants constructed between the vaccine strain and 

its progenitor were characterised for their reaction with monoclonal 

antibody 138 in a virus neutralisation assay. As shown in table 6.1.,

neutralisation by 138 correlates with the presence of the Sabin-specific 

mutation at N3333. The results clearly demonstrate that the lysine to

arginine substitution in VP1 is responsible for the Sabin-specific 

antigenicity detected by monoclonal antibody 138.
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Table 6.1.

Reaction of Poliovirus Recombinants with Monoclonal Antibody 138 in a Virus

Neutralisation Assay.

Virus N2034
VP3

N3333
VP1

Reaction with 138

rP3/SABIN

rSLR 1

rSCC/L

rSV3,V1/L

rSV3/L

rSVI/L

rSP2/L

rP3/LE0N

Phe

Phe

Phe

Phe

Phe

Ser

Ser

Ser

Arg

Lys

Arg

Arg

Lys

Arg

Lys

Lys

+ titre >8 

- titre <2
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Independent evidence in support of this conclusion was obtained by 

the isolation and characterization of mutants of the Sabin vaccine 

resistant to monoclonal antibody 138 (Minor et al., 1985). The 

Sabin-specific mutation at N3333 occurs in codon 285 from the 5' end of the 

region coding for VP1. Nucleotide sequencing studies revealed that mutants

resistant to 138 carry a base substitution mutation in the adjacent codon

of VP1 which results in an asparagine to aspartate change. In addition, a 

series of isolates were obtained from a vaccinee with hypogammaglobulin%emia 

who excreted vaccine-derived type 3 poliovirus for a prolonged period after 

administration of the a monovalent type 3 vaccine. Six of the isolates 

failed to react with monoclonal antibody 138 and each of these carried a 

base substitution mutation which caused an asparagine to aspartate 

substitution 287 amino acid residues from the N-terminus of VP1.

On the basis of the results obtained with the poliovirus

recombinants, mutant virus and excreted strains, it was concluded that

monoclonal antibody 138 recognises a strain-specific antigenic site 

encompassing amino acid residues 285 to 287 from the N-terminus of VP1 

(Minor et al., 1985). This site has been mapped onto the X-ray

crystallographic structure of poliovirus (Hogle et al., 1985) where it is

prominently exposed on the surface of the virion.

Of twenty-six neutralising monoclonal antibodies raised against 

several strains of poliovirus type 3, 138 was the only antibody which

recognised the strain-specific site. The remaining antibodies were directed 

against an independent antigenic site of VPl, including amino acid residues 

89 to 100 from the N-terminus. The latter site, designated site 1, is 

therefore considered to be the immunodominant site of poliovirus type 3 

(Minor et al., 1985).

It is tempting to speculate that the lysine to arginine

substitution in VPl contributes to the attenuated phenotype of the Sabin 

vaccine by reducing the affinity of the virus for its cellular receptor.
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The mutation is clearly significant with respect to specific

protein-protein interactions, as shown by the different reactions of the 

progenitor and the vaccine with monoclonal antibody 138. It is also 

noteworthy that antigenic site 2, the site recognised by 138, is located in 

the vicinity of a structural motif of picornaviral capsids implicated in 

receptor recognition (Rossman et al., 1985). Finally, recent evidence 

implies that site 2 is a composite site composed of elements of VP3, 

including residues 58,59,77 and 79, and elements of VPl, including residues 

285-290 (P. D. Minor, personal communication). This site could therefore be 

disrupted by the changes in conformation which accompany the shift from D 

to C antigenicity (Rueckert, 1976). If site 2 is involved in receptor 

recognition, an attractive model for the failure of C antigen to adsorb to 

cells can be produced. The inter-strain poliovirus recombinant, rSVI/L

allows direct evaluation of the contribution of the lysine to arginine

substitution towards attenuation. This recombinant carries the 

Sabin-specific mutation at N3333 but is otherwise Leon-like. The result 

obtained when rSVI/L was assayed for neurovirulence in cynomolgus monkeys 

is reported in section 6.4.

6.3 Temperature Sensitivity.

The ret marker test is based on the temperature sensitivity of the 

Sabin vaccine strains which replicate poorly at the supraoptimal 

temperature of 40°C. This test is considered to be the most reliable 

in-vitro assay for the evaluation of the quality of vaccine preparations 

(WHO,1983). The titre of the virus is determined at 35°C and at 40°C using 

a microtitre-plate TCID^^ assay and the rct/40 value is calculated as the 

ratio of the log^^ titre at 35*C and the log^^ titre at 40°C. The standard 

interpretation of the test is that virus with a reduction in titre at 40°C 

of less than 2.00 (+/- 0.50) log^^ TCID^^ is regarded as wild-type or
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Table 6.2.

Temperature Sensitivity of Recombinant Polioviruses

Reduction in Infectivity 
Titre 35/40°C Log

'10
Virus Expt. 1 Expt. 2 Expt. 3 Mean rct/40

rST/L 1.50 0.75 1.25 1.17 rct/40*

rS5'/L 1.75 2.25 2.00 2.00 rct/40*

rS3'/L 2.00 2.00 2.25 2.08 rct/40*

rS5'3'/L 2.00 2.25 1.75 2.00 rct/40*

rSLR 1 4.75 4.50 5.00 4.75 rct/40"

rSCC/L 5.50 4.50 5.00 5.00 rct/40~

rSV3,V1/L 5.00 6.00 5.50 5.50 rct/40

rSV3/L 4.50 4.50 4.75 4.58 rct/40

rSVI/L 1.25 1.00 0.50 1.00 rct/40*

rSP2/L 2.25 2.00 2.00 2.08 rct/40*

rP3/LE0N 2.00 1.75 1.50 1.75 rct/40*

rP3/SABIN 5.75 7.00 4.75 5.83 rct/40”

P3/Leon/37 2.00 1.75 1.00 1.58 rct/40*

P3/30 0.00 0.00 0.00 0.00 rct/40*

71/303 6.50 6.75 4.75 6.00 rct/40

411 5.25 6.50 4.25 5.33 rct/40
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rct40^. If the reduction in titre is greater than 5.00 (+/- 0.50) Log
1 0

TCID^Q, the virus is said to be rct/40 (Sabin, 1961). Control viruses are 

used in each experiment and the result is only considered valid if these 

viruses give the expected results.

In order to identify the mutations responsible for the temperature 

sensitive phenotype of the Sabin type 3 vaccine, the panel of ten 

inter-strain recombinants were characterized for their behaviour in the ret 

assay. P3/Leon/37, the progenitor of the vaccine and P3/30, an unrelated 

wild-type strain, were used as rct/40* controls. 71/303, a WHO reference 

preparation of the Sabin type 3 vaccine, and P3/411, a plaque-purified 

isolate of the vaccine, were used as temperature sensitive controls. Table

6.2. shows the results obtained in three independent experiments.

Replication of P3/Leon/37 was slightly inhibited at the 

supraoptimal temperature as shown by a reduction in titre of between 1.00 

and 2.00 TCID^^. This inhibition may be caused by the effect of

elavated temperatures on the host cell. Lysosomal enzymes, which degrade 

the viral RNA, are released at temperatures above 38.5°C (Fiszman et al., 

1970). An average reduction in titre of between 5.33 and 6.00 ^log^^ TCID^^ 

was obtained for the temperature sensitive controls. However, the rct/40 

values calculated for individual experiments varied between 4.25 and 6.75 

for 71/303, and between 4.75 and 6.75 for 71/303. It should be noted that 

rct/40 values ranging from 4.83 to 6.75 were obtained for 71/303 in eight 

independent experiments conducted at the N.I.B.S.C. (D. Magrath, personal 

communication).

Four of the inter-strain recombinants were shown to be 

vaccine-like with respect to thermo-sensitivity. These were rSCC/L, rSV3/L, 

rSV3,V1/L and rSLR 1. For these recombinants the reduction in titre 

obtained at 40°C in each experiment fell within the range observed for the 

temperature sensitive controls. The remaining recombinants could not be 

differentiated from the progenitor strain, P3/Leon/37. As shown in Table
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Table 6.3.

Correlation of Temperature Sensitivity with Sabin-specific Mutations

NC VP3 VPl P23b NC
Virus 472 2034 3333 3464 7432 Phenotype

rP3/SABIN Ü Phe Arg Ala G ts

rST/L U Ser Lys Thr A ts*

rS5'/L Ü Ser Lys Thr A ts*

rS3'/L C Ser Lys Thr G ts*

rS5'3'/L Ü Ser Lys Thr G ts*

rSCC/L C Phe Arg Ala A ts

rSV3,V1/L C Phe Arg Thr A ts

rSV3/L C Phe Lys Thr A ts

rSLR 1 Ü Phe Lys Thr A ts

rSVI/L C Ser Arg Thr A ts*

rSP2/L C Ser Lys Ala A ts*

rP3/LE0N C Ser Lys Thr A ts*
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6.3., temperature sensitivity correlates with the presence of the Sabin- 

specific mutation at N2034 (Ser-Phe in VP3). This appears to be the only 

temperature sensitive mutation in the Sabin vaccine.

Most national control criteria for the ret marker are based on WHO 

international recommendations . The 1983 recomendations include the use of 

two elevated temperatures for a more precise determination of the marker 

(WHO, 1983). The recombinant SV3/L carries the Sabin-specific mutation at 

N2034 but is otherwise Leon-like. Virus titres were determined at 39°C, 

39°C and 40°C. As shown in Table 6.4., rSV3/L is identical to 71/303, 

indicating that the mutation at N2034 can account for the full temperature 

sensitive phenotype of the Sabin type 3 vaccine.

Table 6i4.

Temperature Sensitivity of rSV3/L

Reduction in Infectivity
Titre (Log,„) Titre (Log,^)

Virus 35° C 39°C 40° C 39/40°C 35/40°C

rSV3/L 8.13 5.34 3.50 2.79 4.63

71/303 7.00 3.84 2.17 3.16 4.83

P3/Leon/37 8.68 7.84 7.00 0.84 1.68

The results presented above were verified by investigating the 

rct/40 characteristics of independent isolates of each recombinant. The 

results of these experiments are shown in Tables 6.5. and 6.6. It was 

concluded that the temperature sensitive phenotype of the Sabin type 3 

vaccine is the result of a single point mutation, C-U at N2034, which leads 

to a serine-phenylalanine substitution in VP3.
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Table 6.5.

Temperature Sensitivity of Recombinant Polioviruses

TCID50 Titre Log,,

35° C 40° C

Reduction in Infectivity 
Titre (Log^,)

35/40°C rct/40

rST/L (a) 

rST/L (b)

7.00

6.50

5.25

4.50

1.75

2.00
rct/40

rct/40

rS5'/L (a) 

rS5'/L (b)

7.00

4.00

4.75

3.25

2.25

0.75

rct/40

rct/40'

rS3'/L (a) 

rS3'/L (b)

rS3'/L (c)

8.25 

8.00
8.25

6.25

6.00
6.00

2.00
2.00
2.25

rct/40

rct/40‘

rct/40'

rS5'3'/L (a) 

rS5'3'/L (b) 

rS3'5'/L (c)

7.50

8.00
7.75

6.75

6.50

6.75

0.75 

1.50 

1 .00

rct/40

rct/40*

rct/40*

P3/30

P3/Leon/37

71/303

P3/411

8.75

9.50 

7.25

7.50

8.75

7.50

0.75

2.25

0.00
2.00
6.50

5.25

rct/40 

ret/40 

rct/40 

rct/40
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Table 6.6.
Temperature Sensitivity of Recombinant poloviruses

TCID50 Titre Log,,

35°C 40° C

Reduction in Infectivity
Titre

35/40°C
(Loĝ j)

rct/40

rSCC/L (a) 
rSCC/L (b)

7.75
7.25

2.75
2.50

5.00
4.75

rct/40
rct/40

rSV3/L (a) 
rSV3/L (b) 
rSV3/L (c)

7.00
7.25
6.25

2.00
2.25
1.00

5.00
5.50
5.25

rct/40
rct/40
rct/40

rSV1/L (a) 
rSVI/L (b) 
rSVI/L (c)

7.50
7.25
6.75

5.25
5.00
4.75

2.25
2.25 
2.00

rct/40
rct/40
rct/40

rSP2/L (a) 
rSP2/L (b)

6.50
6.50

4.50
4.75

2.00
1.75

rct/40*
rct/40*

P3/30
P3/Leon/37
71/303
P3/411

8.25
8.25 
7.50 
8.00

8.25
7.25
2.25
3.25

0.00
1.00

5.25
4.75

rct/40
rct/40
rct/40
rct/40
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This mutation is chemically the most drastic of the amino acid 

substitutions observed between the vaccine and its progenitor. When mapped 

onto the X-ray crystallographic structure of poliovirus type 1 (Hogle et 

al., 1985), it was shown that the mutation occurs within a region of 

structural importance. The serine-phenylalanine change is located 91 amino 

acid residues from the N-terminus of VP3. This corresponds to a region of 

a-helix, located on the bottom surface of the wedge shaped B-barrel.

6.4. The WHO Neurovirulence Assay.

Neurovirulence can be measured quantitatively in monkeys by 

correlating the incidence of paralysis or the development of neuronal

lesions within the CNS with the concentration of virus determined in-vitro 

using a TCID^, assay. In the past it was considered important to measure 

neurotropic activity of a virus by means of the intrathalamic and the

intraspinal route of inoculation. However the intrathalamic test suffers

from the relative insusceptibility of monkeys to the virus when it is 

injected by this route (Sabin, 1956; WHO, 1982). Very few animals show any 

evidence of virus activity following intrathalamic inoculation and, of 

these, the majority show only mild lesions limited to the inoculation

trauma (Winter and Boulger, 1963). The intrathalamic test is capable of 

revealing only gross differences in neurovirulence and is no longer included 

as a mandatory test for vaccine standardisation (WHO, 1938).

In the original intraspinal test, the incidence of paralysis was 

observed following inoculation of monkeys with graded doses of virus. The 

test was designed to measure a 50% end point of virus activity and 

invariably involved a large number of negative monkeys. The revised WHO 

intraspinal neurovirulence assay, used throughout this study is based on a 

smaller number of monkeys. Greater emphasis is now placed on the character 

and the distribution of the lesions within the CNS.
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Cynomolgus monkeys are now routinely used for neurovirulence 

assay. For each test, the concentration of virus was determined in-vitro 

using a TCID^, assay. The virus preparation was diluted to give a final 

C oncentration of between 5.5 and 6.5 log,, TCID^, in 0.1ml. Monkeys, 

routinely four per virus, were inoculated with 0 .1ml of the virus 

suspension by injection into the lumbar region of the spinal cord. All 

monkeys were observed for a period of 22 days for symptoms suggestive of 

poliomyelitis. Monkeys were sacraficed either at the onset of prostrating 

paralysis or at the end of the observation period. All animals were 

autopsied and representative sections of the brain and spinal cord were 

prepared for histological examination.

A standard scoring system was used to evaluate virus activity in 

the hemisections of the spinal cord and brain. This scoring system takes 

into account the nature of the virus specific damage which is considered to 

be important. A value 0,1,2,3 or 4 was assigned to each hemisection as 

follows :

1 : Cellular infiltration only.

2 : Cellular infiltration with minimal neuronal damage.

3 : Cellular infiltration with extensive neuronal damage.

4 : Massive neuronal damage with or without cellular infiltration.

A lesion score, based on the hemisection readings of the lumbar (L), 

cervical cord (C) and brain (B) histological sections, was calculated as 

follows :

LS = Mean L Score + Mean C Score + Mean Brain Score ̂  3 

A mean lesion score was then calculated for each group of animals.
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With experience it is possible to differentiate between the 

character of lesions induced by an attenuated strain of poliovirus and the 

character of lesions induced by a virulent strain. Fig. 6.2. shows a 

section of the lumbar region of the spinal cord of an uninfected animal at 

X30 and X125 multiplication. The lower motor neurons of the anterior horn 

of the spinal cord are clearly visible. Fig. 6.3. shows the corresponding 

region of an animal inoculated with 5.5 to 6.5 loglO TCID50 of a reference 

preparation of the Sabin type 3 vaccine. The most striking feature is the 

heavy immune infiltration concentrated in the region of blood vessels. This 

feature, termed "perivascular cuffing", is charactaristic of attenuated- 

type lesions (S. Marsden, personal communication). Neuronal damage is 

minimal, with the majority of lower motor neurones unnafected. Finally, Fig

6.4. shows a section of the corresponding region of an animal innoculated 

with P3/Leon/37. Immune infiltration is clearly more diffuse. The most 

striking feature of this section is the complete destruction of the lower 

motor neurons of the anterior horn. This section is typical of a 

virulent-type lesion.





Fig . 6. 2 .
Histological Section of Uninfected Spinal Cord

This figure shows a s e c tion f r o m  the lumbar r e g i o n  of the 

spinal c o r d  of an u n i n f e c t e d  animal at X 3 0  and X125

magnification. The lower m o tor n e u r o n s  of the a n t e r i o r  h o r n  are 

c l e a r l y  v i s i b l e  at the h i g h e r  m a g n i f i c a t i o n .





Fig. 6. 3.
Histological Section of an Infected Spinal Cord

(1) P 3 / L e o n / l 2 a ib

This figure shows a s e c tion from the lumbar r e g i o n  of the 

spinal cord of an a n i m a l  infected w i t h  a r e f e r e n c e  p r e p a r a t i o n  

of the S a bin type 3 vaccine, P 3 / L e o n / 1 2 a i b .  N e u r o n a l  d a m a g e  is 

m o d e r a t e  and c o n f i n e d  to the left a n t e r i o r  horn. The most 

striking feature of this s e c t i o n  is the h e a v y  immune

i n f i l t r a t i o n  c o n c e n t r a t e d  in the v i c i n i t y  of b l o o d  vessels. 

This feature, termed p e r i v a s c u l a r  cuffing, is c h a r a c t e r i s t i c  of 

an ' a t t e nuated type' lesion.





Fig. 6. 4.
Histological Section of an Infected Spinal Cord.

(2) P 3 / L e o n / 3 7

This figurs shows a s e c t i o n  from the lumbar r e g i o n  of the 

spinal c o r d  of an a n i m a l  i n f e c t e d  w i t h  P3/Leo/37. Immune 

i n f i l t r a t i o n  is more d i f f u s e  t h a n  o b s e r v e d  for an a t t e n u a t e d  

strain. The most st r i k i n g  fe a t u r e  of this s e c t i o n  is the 

co m p l e t e  d e s t r u c t i o n  of the lower m o t o r  neurons of the anter i o r  

horn.
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Table 6.7.1.

Neurovirulence of rP3/LE0N

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

D83 4.00 2.85 1.56 2.80

D84 4.00 2.45 1.06 2.50

D85 3.57 2.32 1.75 2.55

D86 4.00 3.45 1.56 3.00

Mean Histological Lesion Score : 2.71

Table 6.7.2. 

Neurovirulence of rSVI/L.

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

100 3.93 2.20 1.38 2.50

101 3.30 2.20 2.25 2.59

102 4.00 3.10 2.00 3.03

103 4.00 2.70 1.13 2.61

Mean Histological Lesion Score : 2.68
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Table 6.7.3.

Neurovirulence of rSP2/L,

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

144 4.00 2.60 1.69 2.76

145 3.22 1.20 1.14 1.99

146 3.83 2.35 1.38 2.52

147 3.67 3.05 1.63 2.78

Mean Histological Lesion Score : 2.51

Table 6.7.4. 

Neurovirulence of rSV3/L.

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

164 3.63 2.25 2.13 2.67

165

166

1.96 0.10

0.58 0.00

0.13

0.00

0.73

0.19

167 2.00 1.75 1.94 1.90

Mean Histological Lesion Score : 1.37
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Table 6.7.5.

Neurovirulence of SV3.V1/L.

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

148 0.85 0.10 0.31 0.42

149 1.33 0.35 0.56 0.75

150 3.47 2.00 1.81 2.01

151 2.32 2.00 1.93 2.09

Mean Histological Lesion Score : 1.32

Table 6.7.6. 

Neurovirulence of rSCC/L.

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

168 3.31 2.35 1.63 2.43

169 1.15 1.40 0.63 1.06

170

171

3.26 2.90

2.18 2.00

2.13

1 . 8 8

2.76

2.02

Mean Histological Lesion Score : 2.06
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Table 6.7.7.

Neurovirulence of rST/L.

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

D260 1.96 0.15 0.31 0.81

D261 3.20 2.21 1.06 2.16

D264 1.18 0.00 0.15 0.44

Mean Histological Lesion Score : 1.14

Table 6.7.8. 

Neurovirulence of S5'/L.

Clinical Paralysis Mean Mean
Polio

Score Score

Mean Overall
Lumbar Cervical Brain Lesion

Score Score

180 0.74 0.20 0.06 0.33

181 0.34 0.00 0.25 0.20

182

183

1.15

1.00

0.15

0.45

0.31

0.50

0.54

0.65

Mean Histological Lesion Score : 0.43
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Table 6.7.9.

Neurovirulence of rS5'3 /L

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

152 2.07 1.45 1.56 1.69

153 0.96 0.05 0.69 0.57

154 2.82 1.95 1.69 2.15

155 2.40 1.50 1.81 1.90

Mean Histological Lesion Score : 1.58

Table 6.7.10 

Neurovirulence of S3'/L

Clinical Paralysis Mean Mean Mean Overall
Polio Lumbar Cervical Brain Lesion

Score Score Score Score

176 3.11 2.05 1.56 2.24

177 4.00 3.85 1.85 3.39

178 2.89 1.80 1.20 1.71

179 3.65 1.95 0.95 2.26

Mean Histological Lesion Score : 2.40
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Table 6.7.11.
Neurovirulence of rSLR 1.

Clinical Paralysis 
Polio

Mean Mean Mean Overall
Lumbar Cervical Brain Lesion 
Score Score Score Score

C261 1.74 1.55 1.56 1.62

C262 0.43 0.00 0.06 0.16

C263 2.42 1.55 1.31 1.76

C264 0.61 0.10 0.06 0.26

C266 2.54 1.00 1.25 1.60

C267 2.92 1.65 1.44 2.01

C268 2.14 0.75 0.63 1.17

Mean Histological Lesion Score : 1.23
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Table 6.7.12.
Neurovirulence of rP3/SABIN.

Clinical Paralysis Mean Mean
Polio

Mean
Lumbar Cervical Brain
Score Score Score

Overall
Lesion
Score

E82 0.57 0.00 0.00 0.20

E83 0.39 0.00 0.19 0.19

E84

E85

0.07 0.00

0.14 0.00

0.00

0.00

0.02

0.05

Mean Histological Lesion Score : 0.11
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Table 6.8.

Neurovirulence of Interstrain Poliovirus Recombinants

Virus Paralysis Mean Mean Mean
Lumbar Cervical Brain
Score Score Score

Overall Range 
Lesion 
Score

rP3/Leon 4/4 3..89 2..76 1 ..48 2..71 (2. 50-3. 03)

rSVI/L 3/4 3..80 2..55 1..69 2..68 (2.,50-3. 03)

rSP2/L 4/4 3,.68 2 .30 1 .46 2..51 (1..99-2. 78)

rS3'/L 3/4 3..41 2..41 1 ..39 2..40 (1..71-3. 39)

rSV3/L 0/4 2 .04 1..03 1 .05 1 ..37 (0. 19-2 .67)

rSV3,V1/L 0/4 1 ..99 1 ..11 1 ..15 1 ..32 (0..42-2..09)

rSCC/L 2/4 2..48 2 .16 1 .57 2..06 (1..06-2..76)

rST/L 1/4 2 .11 0,.79 0 .50 1 ..14 (0..46-2 .16)

rS5'/L 0/4 0..81 0 .20 0 .28 0,.43 (0,.20-0 .65)

rS5'3'/L 0/4 2 .06 1..24 1.44 1 ,.58 (0..96-1,.79)

rP3/SABIN 0/4 0,.29 0 .00 0 .05 0 .11 (0,.05-0 .20)
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6.5. Neurovirulence of Inter-strain Poliovirus Recombinants.

This section reports the results obtained when the ten interstrain 

poliovirus recombinants were characterized for their behaviour in the WHO 

intraspinal neurovirulence assay. The results of individual experiments are 

shown in Tables 6.7.1. to 6.7.12. These are summarized in Table 6.8.

6.5.1. The Sabin-specific coding changes.

Virus rescued from the recombinant plasmid SV1/L (designated 

rSV1/L) carries the Sabin-specific coding change at N3333 (Lys-Arg in VP1), 

but is otherwise Leon-like. On testing in cynomolgus monkeys, rSVI/L was 

found to be indistinguishable from the parental strain, P3/Leon/37. 3/4 

animals developed severe flaccid paralysis within three days of 

inoculation. All animals showed massive neuronal damage throughout the 

lumbar region of the spinal cord, with clear evidence of viral replication 

at higher levels in the CNS. The mean lesion score of 2.68 is identical to 

that previously obtained for animals inoculated with rP3/LE0N (2.71). This 

results demonstrates that the mutation at N3333 is not attenuating.

rSP2/L carries the Sabin-specific coding change at N3464 (Thr-Ala 

in P2-3b) but is otherwise Leon-like. Each of four animals inoculated with 

5.5 to 6.5 log^Q TCID^Q of virus developed full paralysis during the first 

week of the test. Clinical disease was correlated in each case with a level 

of neuronal damage consistent with a virulent phenotype. The mean lesion 

score of 2.51 is very similar to that obtained for rP3/LE0N. The mutation 

at N3464 is clearly not significant to the attenuated phenotype. This 

result was expected because N3464 is conserved in a neurovirulent revertant 

of the vaccine, P3/WHO/119. The three potential suppressor mutations 

observed in the revertant are located in the structural region of the 

genome, precluding a role in the suppression of a mutation in the non 

structural protein P2-3b (Cann et al., 1984).
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The mutation at N2034 (Ser-Phe in VP3) has been segregated from 

other Sabin-specific mutations in rSV3/L. This recombinant failed to induce 

clinical paralysis. However, the mean lesion score calculated for the group 

was 1.37, which is intermediate between an attenuated and a virulent 

phenotype. Analysis of the data available for individual animals indicated 

that the situation was more complex (see Table 6.7.4.), In contrast to the 

results obtained for the virulent recombinants, considerable variation in 

the level of viral activity was observed between animals. In animals 165 

and 166, viral replication was confined to the lumbar cord where neuronal 

damage was minimal and the lesions induced were attenuated in character. 

However the level of virus-specific damage induced in animal 168 was 

similar to that observed for rP3/LE0N (see Table 6.7.1.). In veiw of the 

extensive neuronal damage observed throughout the lumbar cord, it is 

surprising that this animal showed no clear signs of paralysis.

rSV3,V1/L carries the coding change at N3333 (Lys-Arg in VP1) in 

addition to the change at N2034 (Ser-Phe in VP3). Each of four animals 

survived the 22 day observation period without developing clinical

paralysis. The mean lesion score of 1.32 is identical to that obtained for 

rSV3/L. A similar spectrum of viral activity was observed, ranging from 

attenuated (animals 148 and 149 in Table 6.7.5.), through 'intermediate' 

(animal 151) to almost full virulence (animal 150).

rSCC/L carries the three Sabin-specific coding changes but lacks 

the non-coding changes at N472 and N7432. 2/4 animals inoculated with 

rSCC/L developed clinical paralysis during the first week of the test, 

suggesting that this recombinant may be more neurotropic than either rSV3/L 

or rSV3,V1/L. However, it should be noted that, in terms of the level of 

neuronal damage, the animals showing clinical paralysis could not be 

differentiated from animal 164 in the rSV3/L assay or animal 150 in the 

rSV3,V1/L assay (see Table 6.8.).
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Table 6.8.

Neurovirulence of Recombinant Polioviruses

Virus
Mean Mean Mean Overall

Paralysis Lumbar Cervical Brain Lesion 
Score Score Score Score

rSV3/L 164 3.63 2.25 2.13 2.67

rSV1,V3/L 150 3.47 2.00 1.81 2.01

rSCC/L 168 3.31 2.35 1.63 2.43

rSCC/L 170 3.26 2.90 2.13 2.76

V : Lesions induced in the CNS are virulent in character
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Wide variation in the level of virus activity was observed between 

animals (see Table 6.7.6.). In this respect rSCC/L is clearly distinct from 

rP3/LE0N and resembles rSV3/L and SV3,V1/L. Animals 168 and 170 showed a 

virulent type response correlated with clinical paralysis, animal 171 was 

'intermediate' and the level of virus specific damage induced in animal 169 

is more consistent with an attenuated phenotype.

Fig. 7.5. compares the pattern of virus-specific damage induced by 

the recombinants rSV3/L, rSV3,V1/L and rSCC/L with that observed for 

rP3/LE0N. These recombinants appear to have a similar phenotype. In 

approximately half the animals inoculated with 5.5 to 6.5 log^^ TCID^^ of 

virus, extensive neuronal damage was observed in the lumbar cord with 

spread of the infection to higher levels of the CNS. The lesions were 

virulent in character and the level of neuronal damage approached the 

threshold required to induce flaccid paralysis. In the remaining animals, 

the virus failed to establish a clinically significant infection. Viral 

replication was largely confined to the lumbar cord where the neuronal 

damage was minimal and the lesions induced were attenuated in character.

This variable response may represent the 50% end point of viral 

activity. It would therefore be interesting to compare the effect of graded 

doses of P3/Leon/37 and rSV3/L on cynomolgus monkeys. It was concluded that 

the mutation at N2034 (Ser-Phe in VP3) contributes towards attenuation. 

However, this mutation does not account for the full attenuated phenotype 

of the vaccine.
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F i g . 6. 5.

P a t t e r n  of V i r u s  Specific D a m a g e  Induced by 

P o l i o v i r u s  R e c o m b i n a n t s .

Mean l e sion scores were c a l c u l a t e d  for the lumbar and c e r v i c a l  

r e gions of the spinal c ord and the brain. This figure shows the 

data p l o t t e d  in the form of a hist o g r a m .  For animals  

.inoculated w i t h  p o l i o v i r u s  r e c o m b i n a n t s  c a r r y i n g  the S e r - P h e

m u t a t i o n  in V P 3 (i.e. SV3/L, S V 3 , V 1 / L  and SVl/L), c o n s i d e r a b l e  

v a r i a t i o n  was o b s e r v e d  b oth in the extent and the d i s t r i b u t i o n  

of virus spe c i f i c  damage. In contrast, a n i m a l s  inno c u l a t e d  w i t h  

the p a r e n t a l  strain, P3/Leon/37, showed similar pa t t e r n s  of 

virus sp e c i f i c  damage (see text for e x p l a n a t i o n ) .
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6.5.2. The Non-coding Chances.

Virus rescued from S3 /L carries three of the Sabin-specific 

mutations. These are the silent mutations at N6127 and N7165 together with 

the A-G substitution at N7432 in the 3' non-coding region. 3/4 animals 

developed clinical paralysis within three days of inoculation. The mean 

lesion score of 2.40 is similar to that obtained for rP3/LE0N. It was 

concluded that the mutation at N7432 is not attenuating. In support of this 

conclusion, sequence variation has been observed at the homologous position 

of different preparations of the virulent type 1 strain, P3/Mahoney, 

without any reported effects on neurovirulence (Kitamura et al., 1981; 

Racaniello and Baltimore, 1981a).

Virus rescued from the recombinant plasmid ST/L derives its 5' 

terminal 1809 nucleotides from the Sabin vaccine and the remainder of its 

genome from P3/Leon/37. rST/L therefore carries the mutation at N472, which 

has been implicated in attenuation by nucleotide sequence comparisons, 

together with the presumed silent changes at N220 and N871. Nucleotide 

sequence analysis of purified viral RNA revealed that the recombinant 

carried an additional mutation, a deletion at N417 in the 5' non coding 

region.

The results of the neurovirulence assay on rST/L were similar to 

those obtained for recombinants carrying the Ser-Phe mutation in VP3. 1/3 

animals developed full flaccid paralysis on day four of the test which was 

correlated with a level of virus specific damage similar to that observed 

for rP3/LE0N. In the remaining animals, replication of the virus was 

clearly confined to the lumbar cord, inducing only minimal neuronal damage. 

The mean lesion score of 1.14 suggested an intermediate level of virulence.

The mutations at N220 and N871 are conserved in the revertant of 

the vaccine, P3/WHO/119 (Cann et al., 1984). It should also be noted that 

virus rescued from a full-length cDNA of P3/WHO/119 was shown to be highly
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neurotropic (M. Skinner, personal communication). It can therefore be 

concluded that the mutations at N220 and N871 are not significant. However, 

the possibility that the deletion at N417 contributes towards the partially 

attenuated phenotype of rST/L cannot be ruled out. An additional 

recombinant was therefore constructed.

rS5'/L carries the Sabin-specific mutations at N472,N220 and N871 

but lacks the deletion at N417. On testing in cynomolgus monkeys, the 

recombinant appeared to have a completely attenuated phenotype. The virus 

failed to induce clinical paralysis. The mean lesion score of 0.43 falls 

within the range observed for the reference preparations of the vaccine 

(D. Magrath, personal communication). In view of the observation that S5'/L 

is at least as attenuated as ST/L, it is clear that the mutation at N472 

can account for the attenuated phenotypes of both recombinants. The results 

also imply that the deletion at N417 is not significant.

The results obtained for the final recombinant suggest that the 

low mean lesion score for S5'/L is an artifact of a test involving only 

four animals. rS5',3'/L carries the mutation at N472 in the 5' non-coding 

region and the mutation at N7432 in the 3' non-coding region. This 

recombinant failed to induce clinical paralysis. However the mean lesion 

score of 1.58 suggests an intermediate level of virulence and therefore 

supports the result obtained for rST/L. It was concluded that the mutation 

at N472 contributes towards attenuation, but cannot account for the full 

attenuated phenotype of the vaccine.
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6.6. Summary and Conclusions.

6.6.2. The Genetic Basis for Attenuation.

The attenuated phenotype of the Sabin type 3 vaccine strain

results from the concerted effect of two independent point mutations. The 

first is a C-Ü substitution at N472 in the 5' non-coding region. The second 

is a C-Ü substitution at N2034 which induces a serine to phenylalanine

change in VP3. The data presented in support of this conclusion is

undeniably complex. Nevertheless, each of the above mutations has been 

shown to reduce the potential of P3/Leon/37 for causing a clinically 

significant infection of cynomolgus monkeys following intraspinal

administration of high doses of virus. Similar or identical results were 

obtained for three idependently derived recombinants carrying the mutation 

at N472, i.e. rST/L, rS5'/L and rS5'3'/L and three independent recombinants 

carrying the mutation at N2034, i.e. rSV3/L, rSCC/L and rSV1,V3/L.

The variable response obtained for recombinants carrying N472 or 

N2034 suggested that these viruses had a 50% end point of neurovirulence 

near to the concentration used as an inoculum. If this interpretation is 

correct, these recombinants have a phenotype which is intermediate between 

attenuated and virulent. It follows that neither mutation alone can account 

for the full attenuated phenotype of the Sabin type 3 vaccine. However, an 

alternative explanation for the observed variation is possible.

rST/L carries a single attenuating mutation, C-Ü at N472 in the 5' 

non-coding region. It is reasonable to assume that reversion to

neurovirulence must occur by direct back mutation. Estimates of the 

frequency of RNA genome mutation have been obtained using monoclonal 

antibodies to select for antigenic variants. Minor and co-workers (1984) 

calculated that the average frequency with which resistant mutants appear 

under monoclonal selection is about 10  ̂ or 1 PFU per 10* wild-type PFU.
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Escape from neutralisation frequently involved mutation at a single 

nucleotide position (Evans et al., 1984). The mutation at N472 may 

therefore revert with a similar high frequency.

The results obtained when rST/L was assayed for neurovirulence are 

shown in Table 6.7.7. In two of the animals, the infection was confined to 

the lumbar region of the spinal cord, which is consistent with a full 

attenuated phenotype. However it is clear that replication of the virus has 

occurred. Reversion of the mutation at N472 may occur during the course of 

viral replication. Once formed, such revertants would be subject to strong 

selection pressure. Animal D261 developed full flaccid paralysis within 3

days of innoculation. Clinical disease was correlated with a level of

neuronal damage approaching that observed for P3/Leon/37. This result could 

be the consequence of in-vivo reversion of the mutation at N472. Reversion 

of the mutation at N2034 may occur with a slightly higher frequency because 

in this case reversion could be achieved by direct back-mutation at N2034

or suppression by mutation at a distal site.
The experiments described in section 6.5. have identified the 

mutations involved in attenuation. However, it is not possible to draw any 

firm conclusions on the relative importance of these mutations. A more 

valid quantitative comparison of the level of virulence of rSV3/L, rST/L 

and rP3/SABIN could be achieved by investigating the effect of graded doses 

of virus on cynomolgus monkeys. It would also be of interest to 

characterize virus isolated from infected animals to investigate the 

frequency of in-vivo reversion.

Finally, Almond et al. (1984) reported that virus rescued from the 

recombinant plasmid rSLR 1, which carries the mutations at N472 and N2034, 

was not fully attenuated. It should be noted that this refers to a pool of 

virus rescued at 37°C. Passage of the Sabin vaccine at this temperature may 

lead to reversion of the temperature sensitive phenotype. The result is 

therefore not directly comparable to the results obtained for the remaining 

recombinants which were rescued at the permissive temperature of 35°C.
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6.6.2. Correlation of Attenuation with in-vitro markers.

rSV1/L carries the mutation at N3333 (Lys-Arg in VP1) but is 

otherwise Leon-like. The recombinant is neutralised by monoclonal antibody 

138, demonstrating that the lysine to arginine substitution is responsible 

for the antigenic differences observed between the Sabin vaccine and its 

progenitor. In view of the conservative nature of the substitution, 

together with its location in the C-terminal extension of VP1 (Hogle et 

al., 1985), the mutation is unlikely to induce distant effects on the 

conformation of the protein. It was therefore not suprising to find that 

rSVI/L was wild-type with respect to temperature sensitivity. It is also 

clear that the mutation does not contribute to the attenuated phenotype of 

the vaccine. rSVI/L is highly neurotropic and cannot be differentiated from 

the progenitor P3/Leon/37.

The temperature sensitive phenotype of the Sabin vaccine was shown 

to be the result of the C-Ü substitution at N2034, which induces a serine 

to phenylalanine change in VP3. In rSV3/L, the mutation at N2034 has been 

transfered to the genome of P3/Leon/37 idependently of the other Sabin- 

specif ic mutations. rSV3/L was shown to be less neurotropic than 

P3/Leon/37, providing clear evidence of a correlation between temperature 

sensitivity and attenuation.
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CHAPTER SEVEN

Discussion

7.1. Introduction

Although developed countries have experienced a dramatic reduction 

in the incidence of poliomyelitis since vaccination was introduced, those 

countries using the live attenuated vaccines developed by Sabin have noted 

a residual level of approximately 0.02 to 0.20 cases/ million population/ 

year (Melnick, 1982). Evidence has accumulated that this persistant low 

level of disease may be caused by the vaccines themselves. It is now clear 

that the type 3 vaccine (and most probably the type 2 vaccine) can revert 

to neurovirulence during replication in recipients of the trivalent vaccine 

or their contacts, although this rarely if ever seems to be the case for 

type 1 (Cossart et al., 1977; Nottay et al., 1981; Minor, 1980; Cann et 

al., 1984). Prospects for improving the Sabin vaccines would be enhanced by 

a clearer understanding of the molecular basis for attenuation and 

reversion.

Poliovirus type 3 is the the serotype most frequently implicated 

in vaccine associated poliomyelitis. Complete nucleotide sequences have 

been determined for the neurovirulent progenitior of the Sabin type 3 

vaccine, P3/Leon/37, the type 3 vaccine itself, P3/Leon/12a^b, and a 

virulent revertant strain isolated from a fatal case of vaccine 

associated poliomyelitis, P3/WHO/119. Analysis of the data suggested that 

the following mutations were involved in attenuation and reversion: (1) a 

single base substitution mutation (C-Ü) at position 472 in the 5'
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non-coding region of the genome; (2) nucleotide substitutions resulting in 

amino acid substitutions in the capsid proteins (Ser-Phe in VP3 and Lys-Arg 

in VP1); and (3) a single base substitution mutation (A-G) at the end of 

the 3' non-coding region.

The major objective of the work presented for this thesis was to 

define precisely the contribution of the above mutations to the attenuated 

phenotype of the Sabin type 3 vaccine. To achieve this, full-length cDNA 

copies of the RNA genomes were constructed, each within the prokaryote 

vector pAT 153. Transfection of Hep2c monolayers with the full-length cDNAs 

generated virus which was indistinguishable from the respective parental 

strains, confirming and extending the earlier observation of Racaniello and 

Baltimore (1981). Recombinant genomes were then constructed in-vitro at the 

level of cDNA using conserved restriction endonuclease sites. Transfection 

of Hep 2c monolayers with these recombinant cDNAs yielded virus with 

defined sets of mutations. These were characterised for their reaction in 

the WHO monkey neurovirulence assay.

7.2. The Genetic Bases for Attenuation of the Sabin tvoe 3 Vaccine.

The results presented in chapter 6 provide strong evidence that 

the attenuated phenotype of the Sabin type 3 vaccine is the concerted 

effect of two independent mutations-. C-U at N472 in the 5' non-coding 

region and C-U at N2034 which results in a serine to phenylalanine change 

in VP3. The remaining Sabin-specific mutations have no effect on the 

neurovirulence of P3/Leon/37. Independent evidence in support of this 

conclusion has been obtained by extensive nucleotide sequence analysis of 

13 strains of poliovirus type 3 which, in addition to P3/WHO/119, had been 

implicated in vaccine associated paralysis (Minor; 1980, Kew et al., 1981; 

Minor, 1982). Partial nucleotide sequences were derived directly from the 

viral RNA by primer extension. The results (Evans et al., personal 

communication) are summarised in Table 7.1.
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Table 7.1.

Comparison of Poliovirus type 3 Strains at Critical Regions in the Genome

Virus Neurovirulence NC VP2 VP 2 VP 3 VP1 VP1
472 1548 1592 2034 2637 3333

P3/Leon/37 + C Arg Leu Ser Ala Lys

P3/Leon/12a^b Ü Arg Leu Phe Ala Arg

P3/WHO/119 + C Lys Met Phe Val Arg

Revertant

P3/106 + C Arg Leu Phe Ala Arg

P3/115 + C Arg Leu Phe Ala Arg

P3/116 + c Arg Leu Ser Thr Arg

P3/122 + c Arg Leu Phe Ala Arg

P3/131 + c Arg Leu Phe Val Arg

P3/132 + c Arg Leu Phe Ala Arg

P3/146 + c Arg Met Phe Ala Arg

P3/156 + c Arg Leu Ser Thr Lys

P3/158 + c Arg Met Phe Val Arg

P3/161 + c Arg Leu Ser Thr Arg

P3/263 + c Arg Leu Phe Ala Arg

P3/382 + c Arg Leu Phe Thr Arg

P3/414 + c Arg Leu Phe Ala Arg
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In all 13 revertants the nucleotide at N472 was cytidine, as in 

P3/Leon/37. In contrast the nucleotide at this position in two batches of 

the vaccine was uridine, confirming the previous findings of Stanway et al.

( 1984) and Toyoda et al. (1984). The consistency with which back mutation at 

N472 was detected amongst the vaccine derived revertant viruses suggested 

that this nucleotide was of significance to attenuation and reversion to 

neurovirulence. Further information on the importance of position N472 came 

from studies on viruses isolated after human passage (Evans et al., 1985).

Poliovirus type 3 was isolated from the faeces of a six month 

old infant following routine administration of the trivalent live

attenuated vaccine. Virus pools obtained from faecal samples taken various 

times post- vaccination were sequenced in the region surrounding N472. As 

shown in Table 7.2., virus shed in the first two positive samples contained 

U at N472. In contrast, faecal samples taken at 47 hours and later 

predominantly contained virus with C at N472. Virus prepared from the 35 

hour sample appeared to consist of a mixed population, since U and C bands 

of equal intensity were detected on the sequencing gel. This result implied 

that growth in the human gut provided a strong selection pressure for

viruses containing C at N472. To determine whether this change also

influenced neurovirulence, viruses DM2 (U at N472) and DM4 (C at N472) were

tested in monkeys (Table 7.2.).

DM4 was found to be significantly more neurovirulent than the 

vaccine strain with respect to both histological lesions in the CNS and the 

paralysis induced, although it was not as neurovirulent as the revertant, 

P3/WHO/119, or the vaccine progenitor P3/Leon/37. The conclusion was 

complicated slightly by the observation that DM2 had higher lesion score 

than the Sabin vaccine strain. One interpretation of this finding is that 

DM2 contains a small proportion of virus with C at N472 which was 

undetectable by the sequencing methods used.
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Table 7.2

Neurovirulence of Sequential Isolates of Poliovirus Type 3.

Isolate Time Base at Paralysis Mean Lesion
Number (hr) N472 Score

DM1 24 Ü ND ND

DM2 31 U 1/5 1.46

DM3 35 Ü/C ND ND

DM4 47 C 4/10 2.48

DM5 51 C ND ND

DM6 55 C ND ND

The mean lesion score obtained for the revertant P3/WHO/119 was 3.34
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DM4 was shown to be temperature sensitive or rct/40 , as is the 

Sabin vaccine. In contrast, the revertant P3/WHO/119 and each of the other 

revertants tested were wild-type or rct/40* (WHO Collaborative Study, 

1981). Therefore, reversion at N472 alone does not account for the 

neurovirulent and rct/40* phenotypes of revertants of the Sabin vaccine.

Nucleotide sequence analysis was subsequently extended to the 

region of the viral RNA encoding the capsid proteins (DM.A. Evans,

personal communication). Three of the revertants (P3/116, P3/156 and P3/161 

in Table 7.1.) showed back-mutation to serine in VP3 at N2034, suggesting 

that this may be the basis of their revertant phenotype and, therefore, 

that the mutation to phenylalanine at this position in the vaccine is 

important for attenuation. It also seems likely that the mutations in 

P3/WHO/119 responsible for suppression of the attenuated phenotype (in 

addition to N472) are those at position 1592 and/or position 2637. Three of 

the revertants (P3/146, P3/131 and P3/158 in Table 7.1.) shared common

mutations with P3/WHO/119 at one or both positions 1592 and 2637. Four 

additional revertants (P3/116, P3/156, P3/161 and P3/382) mutated to Thr at 

position 2637.

The data as a whole suggests that at least two independent

mutations are required for reversion to neurovirulence. The first involves

direct back mutation at N472 in the 5' non-coding region. The second

mutation is required for reversion of the serine to phenylalanine change in 

VP3. This may occur by direct back mutation at N2034 or by a suppressor 

mutation involving one of the sites implicated in P3/WHO/119 or an 

additional uncharacterised site(s).

The results obtained for the revertant strains and the sequential 

isolates are consistent with those obtained for the recombinant 

polioviruses. It should be noted that the neurovirulence of DM4 was very 

similar to that observed for the poliovirus recombinants which carried the 

Ser-Phe mutation in VP3 but lacked the mutation at N472. The lesion score
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calculated for DM4 (2.48) was slightly higher than the range observed for 

the recombinants rSV3/L, rSV3,V1/L and rSCC/L (1.32-2.06). However, in an 

independent experiment, DM4 failed to induce clinical paralysis and gave a 

lesion score of 1.58 (D.M.A. Evans, personal communication). DM4, in common 

with all recombinants carrying the VP3 mutation, could not be distinguished 

from the Sabin vaccine with respect to temperature sensitivity.

In an independent study, Agol and co-workers (1984) isolated a 

series of inter-typic recombinants from doubley infected cells. Guanidine 

resistance and type-specific antigenicity were used as the selectable 

markers. The crossover point for each recombinant should therefore map

within the centre of the genome, between the major antigenic site for

poliovirus type 3 (residues 89-100 of VP1) and the locus for guanidine

resistance (non-capsid protein P2-X). One of these recombinants derived the 

5' half of its genome from the type 3 vaccine and the 3' half of its genome 

from the virulent Mahoney strain of poliovirus type 1. On testing in 

cynomolgus monkeys, using the intra thalamic route of inoculationr the 

recombinant was shown to be attenuated. This result is again consistent 

with the conclusion that N472 and N2034 are the attenuating mutations of 

the Sabin type 3 vaccine.

These two mutations undoubtedly influence virulence by separate

and distinct mechanisms. The degree of sequence homology between the

serotypes of in the 5' non-coding region is high (about 74%) (Toyoda et

al., 1984). This strong conservation suggests that the region has

functional significance. Possible functions include replicase binding on 

the negative strand, packaging of RNA during morphogenesis, uncoating and 

the initiation of translation. Such functions could depend on RNA secondary 

structure. It may therefore be significant that the C-U substitution at

N472 has a drastic effect on the predicted secondary structure of 

P3/Leon/37 (Evans et al., 1985).
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Recent work suggests that the mutation at N472 reduces the 

efficiency of the poliovirus message (Svitkin et al., 1985). The template 

activities of RNAs purified form P3/Leon/37, the Sabin type 3 vaccine and 

P3/WHO/119 were compared in-vitro in Krebs-2 cell extracts. RNA from the 

type 3 vaccine (U at N472) showed a diminished translation efficiency 

compared to RNA from the virulent strains (C at N472) . The defective step 

appeared to be the initiation of translation, as shown by the relatively 

low yield of PI-la in lysates programmed with the Sabin type 3 RNA. The 

authors speculated that the mutation at N472 alters the affinity of the 

viral RNA for initiation factor(s), which may be limiting in the in-vitro 

system.

7.3. Prospects for Alternative Attenuated Vaccines.

The high frequency of mutation that occurs during poliovirus 

genome replication (Reanny at al., 1984) makes it difficult to maintain the 

attenuated phenotype of the live poliovirus vaccines. This is a particular 

problem with the type 3 vaccine which shows a higher tendency to revert to 

neurovirulence on passage in tissue culture than the type 1 and type 2 

strains (Boulger et al., 1979; Marsden et al., 1980). The majority of type 

3 vaccines in use at the present time are prepared from an SO +2 working 

seed and are therefore at the SO +3 level of passage (i.e three in-vitro 

passages removed from the Sabin Original vaccine). Preparations of virus at 

higher levels of passage may be unsuitable for use as a vaccine (Boulger et 

al., 1979). Global control of poliomyelitis may eventually be hampered by 

the limiting amount of SO +2 vaccine stock.

The construction of SABIN GDW, an infectious cDNA clone of the 

Sabin type 3 vaccine, was described in chapter four. Virus rescued from 

SABIN GDW by transfection of Hep 2c monolayers (rP3/SABIN) was shown to be 

indistinguishable from the Sabin vaccine with respect to antigenicity and
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temperature sensitivity. On testing in cynomolgus monkeys, rP3/SABIN was 

found to be highly attenuated. In fact, the mean lesion score of 0.11 was 

unusually low, suggesting that the cDNA derived virus may induce a milder 

infection than reference preparations of the Sabin vaccine. One explanation 

for this observation is that transfection with cDNA may be equivalent to a 

stringent plaque-purification, in that a population of genomes are derived 

from a single molecule (in this case a cDNA clone).

The results demonstrate that the genetic information of the Sabin 

type 3 vaccine can be stored as cDNA and propagated in E .Coli. The 

possibilty of using virus rescued from SABIN GDW as an alternative seed for 

vaccine production is currently under investigation at Lederle Laboratories 

(M. Sulzinski, personal communication).

Ultimately, however, the most satisfactory solution to the

problems encountered with the Sabin type 3 strain is to develop a more 

stably attenuated vaccine. The molecular definition of attenuation 

represents a significant step towards this goal. Of the two attenuating 

lesions, the base substitution at N472 in the 5' non-coding region is of 

particular interest. Using the techniques of site-directed mutagenesis, it 

may be possible to introduce additional mutations into this region of the 

genome via cDNA, thereby reducing the probabilty of reversion.

It is generally accepted that the type 1 vaccine is more stably 

attenuated than the type 2 or type 3 strains. Indeed comparison of the 

Sabin type 1 vaccine with its neurovirulent progenitor revealed 55 

nucleotide substitutions, distributed over the entire length of the genome. 

These result in 21 amino acid substitutions within the viral polyprotein. 

Using an approach cmalgous to that described for this thesis, a series of 

inter-strain recombinants have been constructed between Sabin type 1 and 

its neurovirulent progenitor (Omata et al., 1985). These authors failed to 

assign the attenuated phenotype to any specific mutations, or even to 

specific viral proteins. However, the results were at least consistent with
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the conclusion that the type 1 vaccine owes its stable phenotype to 

multiple attenuating mutations.

This suggests a further interesting possibility for vaccine 

design. That is to use the stable type 1 vaccine as a basal strain, but to 

modify its antigenicity so that it immunises against poliovirus type 3. The 

first experiment of this type involved the construction of a a recombinant 

plasmid, pOT 5, using the scheme outlined in Fig. 7.1. A 220 base pair 

Sphl-HinfI fragment of the Sabin type 1 cDNA has been replaced by the 

equivalent fragment of the Sabin type 3 cDNA. This region incorporates the 

coding region for the 12 amino acids corresponding to the major antigenic 

site of poliovirus type 3, Unfortunately, this initial construct proved to 

be non-viable (G. Stanway, Journal of Virology, in press). In addition to 

eight amino acid substitutions within the major antigenic site, Sabin 3 

differs from Sabin 1 at seven additional amino acid positions within the 

coding region of the 220 base pair fragment. It is possible that one or 

more of these mutations are lethal for Sabin type 1. pOT5 was designed 

before the high-resolution structure of poliovirus was determined (Hogle et 

al., 1985). This information together with our improved understanding of 

antigenicity could be used to design a viable type 1/type 3 hybrid vaccine.
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CHAPTER EIGHT

Materials and Methods

10.1 Materials.

10.1.1 Reagents.

Specialised reagents were obtained from the following sources

Amersham International, Amersham, UK.

BDH - British Drug Houses Ltd., Poole, UK. 

Boehringer-Mannheim, Lewis, UK.

BRL - Bethesda Research Laboratories, Cambridge, UK. 

Calbiochem, La Jolla, California, USA.

CBL - Cambridge Biotechnology Laboratories, Cambridge, UK. 

Cambrian Chemicals, Croyden, UK.

Difco Laboratories, Detroit, Michigan, USA.

Fisons, Loughborough, UK.

Gibco Europe Ltd., Uxbridge, UK.

NEN - New England Nuclear, Boston, Massachusetts, USA. 

Pharmacia Fine Chemicals, Uppsala, Sweden.

Serva Feinbiochemica, Heidelberg, GDR.

Sigma Chemical Company, Poole, UK.

Uniscience, Cambridge, UK.
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Acrylamide (2X crystalised, Analytical Grade) 

Agar (Difco Bacto Agar)

Ammonium persulphate (AnalR)

Antibiotics

(ampicillin, tetracycline, actinomycin D) 

DL-dithiothreitol (DTT)

Ficoll (Type 400 - Mr 400,000)

Formamide (AnalR)

HEPES

8-hydroxyquinoline

N,N'-methylene bis acrylamide

Phenol

Polyethylene Glycol (PEG) (Mr 8000)

Sodium dodecyl sulphate (SDS) (Specially pure) 

Tris-(hydroxymethyl) aminomethane acetate 

(Tris acetate)

Tris-(hydroxymethyl) methylamine (Tris)

Urea

Uniscience

Difco.

BDH.

Sigma.

Sigma. 

Sigma.

BDH.

Sigma. 

Sigma. 

Uniscience 

Fisons. 

Sigma.

BDH.

Sigma.

Fisons. 

Fisons.

Radioisotopes

All radioisotopes were obtained from Amersham International

[a - ^^P]dATP (2000-3000 Ci/mmol)

[a - ^^S]dATP (at least 400 Ci/mmol) 

[5 - ^H]dUTP (18-30 Ci/mmol)

Carrier-free 32
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Enzymes

T4 DNA Ligase NEN.

E.coli DNA polymerase I Boerhinger, BRL.

Large fragment E.coli DNA polymerase I Boerhinger, BRL,

(Klenow fragment) CBL.

Proteinase K Sigma.

Restriction endonucleases (various) BRL.

RNase T1 Calbiochem.

Reverse transcriptase was a gift from DR J.W. Beard, NIH, Bethesda, USA

Tissue Culture Reagents

All tissue culture reagents were obtained from Gibco Europe Ltd.

Newborn Calf Serum (NCS)

Foetal Calf Serum (FCS)

Penicillin-Streptomycin Solution (10,000 units penicillin and 10,000 meg 

Streptomycin/ml)

Fungizone (Amphorotericin B, 250mcg/ml)

MEM - Minimal essential medium (Eagle) lOx
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10.1.2 Solutions and Buffers

40% Acrylamide 380g Acrylamide 

20g Methylbisacrylamide 

Make up to 1 litre with distilled water.

10X TBE Buffer 

pH 8.3

432g Tris 

220g Boric Acid 

37.2g EDTA

Make up to 4 litres with distilled water

20% Acrylamide lOOg Urea 

20ml 10X TBE 

100ml 40% Acrylamide 

Make up to 200ml with distilled water.

8% Acrylamide 

Gel Mix

82g Urea 

20ml 10X TBE 

40ml 40% Acrylamide 

Make up to 200ml with distilled water

0.5M TBE Gel 

Mix

460g Urea 

50ml 10X TBE 

150ml 40% Acrylamide 

Make up to 1 litre with distilled water

5M TBE Gel 

Mix

460g Urea 

250ml 20X TBE 

5g Sucrose 

50mg Bromophemol Blue 

Make up to 1 litre with distilled water
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100ml De-ionised Formamide 

lOOmg Xylene Cyanol FF 

lOOmg Bromophenol Blue 

2ml 500mM EDTA

5 X Denhardt's 

solution

0.1% (w/v) BSA, 0.1% (w/v) ficoll, 0.1% (w/v) 

poly-vinylpyrrolidone in 6 x SSC. Filter sterilised 

and kept at 4°C.

EDTA 0.5M EDTA in distilled water, adjusted to pH 8,0 

with NaOH.

Ethidium bromide 

(EtdBr)

5 mg/ml in TE.

Saline citrate 

(SSC)

0.15M NaCl, 0.15M sodium citrate in distilled 

water.

Tris-EDTA (TE) lOmM Tris-HCl pH 7.4, ImM EDTA in distilled 

deionised water.

Elfo buffer 40mM Tris, ImM EDTA in distilled water, adjusted 

to pH 7.7 with glacial acetic acid.

Elfo sample 

Buffer

lOOmg agarose, 5g glycerol, 50ml lOmM Tris-acetate, 

2ml 0.5M EDTA, 0.01% (w/v) bromophenol blue. 

Autoclaved 15min at 151b/in^ cooled and expelled 

from syringe to form agarose 'beads'.
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10.1.3 Bacterial Growth Media.

Luria broth 10g/l Difco Bacto Peptone, 5g/l Difco yeast 

extract, 5g/l NaCl in distilled water.

L-tet Luria broth containing lOug/ml tetracycline

L-amp Luria broth containing 100ug/ml ampicillin.

Minimal agar

All agar plates contained 1.5% (w/v) Difco Bacto agar. 

Soft top agars contained 0.7% (w/v) Difco Bacto agar.

Agar - 3% (w/v) Difco Bacto agar in distilled

water.

Salt solution - 10.5g/l K^HPO^, 4.5g/l KH^PO^,

1g/l (NH^)^SO^, 0.5g/l sodium citrate, 0.2g/l 

MgSO^ in distilled water.

Solutions autoclaved separately, then 100ml of the salt 

solution is mixed with 100ml of agar. When cool, 2ml of 

glucose solution (200g/l) and 1ul of thiamine HCl 

(1mg/ml) were added before pouring.

10.1.4 Tissue Culture Buffers. Solutions and Media

Phosphate Buffered 8.0g/l NaCl, 0.2g/l KCl, 1.15g/l Na^HPO^ .7H2O
Saline (PBS) 0 .2g/l KH^PO^

Puck's Saline 8.0g/l NaCl, 0.4g/l KCl, 0.045g/l Na^h PO^.7H^0,

0.03g/l KH^PO^
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200mM Glutamine in sterile distilled water 

Filter sterilise and store at -20“C.

NaHCO. 7.5% (w/v) NaHCOg in sterile distilled water 

Filter sterilise and store at 4*C.

MEM + 5% NCS 50ml 10X Minimal Essential Medium (Eagle)

5ml Penecillin/Streptomycin

5ml Fungizone

5ml 200mM Glutamine

25ml Newborn Calf Serum

14ml 7.5% NaHCO.

Make up to 500ml with sterile distilled water.

MEM + 2% FCS 50ml 10X Minimal Essential Medium (Eagle)

5ml Penicillin-Streptomycin

5ml Fungizone

5ml 200mM Glutamine

10ml Foetal Calf Serum

14ml 7.5% NaHCO.

Make up to 500ml with sterile distilled water

All tissue culture media contained antibiotics

and glutamine. FCS and NaHCO^ were varied

as indicated in text.
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10.2 Methods

10.2.1 Recombinant DNA Methods

Restriction Endonuclease Digestions.

Restriction digests were carried out under the following conditions

AccI -50raM Tris-HCl pH 8.0, lOmM MgCl^, 1mM DTT.

Aatll -lOmM Tris-HCl pH 7.5, 50mM KCl, 7mM MgCl^, 7mM B-mercaptoethanol.

BamHI -50mM Tris-HCl pH 8.0, lOmM MgCl^, 50mM NaCl, ImM DTT.

Bglll -50mM Tris-HCl pH 8.0, lOmM MgCl^, lOOmM NaCl, 1mM DTT.

Clal -lOmM Tris-HCl pH 8.0, lOmM MgCl^.

EcoRI -50mM Tris-HCl pH 7.5, lOmM MgCl^, lOOmM NaCl, ImM DTT.

H i n d i -50mM Tris-HCl pH 8.0, lOmM MgCl^, lOOmM NaCl, ImM DTT.

Hindlll -50mM Tris-HCl pH 8.0, lOmM MgCl^, lOOmM NaCl, ImM DTT.

Kpnl -6mM Tris-HCl pH 7.5, lOmM MgCl^, lOOmM NaCl, ImM B-mercaptoethanol

Mlul -lOmM Tris-HCl pH 7.5, 6mM MgCl^, lOOmM NaCl, 1mM B-mercaptoethanol

PstI -50mM Tris-HCl pH 8.0, lOmM MgCl^, lOOmM NaCl, ImM DTT.

PvuII -6mM Tris-HCl pH 7.5, 6mM MgCl^, 60mM NaCl, 6mM B-mercaptoethanol. 

Sail -50mM Tris-HCl pH 8.0, lOmM Mgcl^, lOOmM NaCl, ImM DTT.

Smal -15mM Tris-HCl pH 8.0, 6mM MgCl^, 15raM KCl.

SphI -50mM Tris-HCl pH 7.5, 6mM MgCl^, 50mM NaCl, 6mM B-mercaptoethanol.

Xhol -50mM Tris-HCl pH 8.0, 10mM MgCl^, lOOmM NaCl, ImM DTT.

Restriction endonuclease buffers were prepared as 10X solutions and stored 

at -20“c. One unit of enzyme was required for every pg of DNA to be 

digested. For complete digests, reactions were incubated at 37“C for 90 

minutes (except for digests with Smal which were incubated at 30“c. For 

partial digests, samples were taken at timed intervals and the reactions
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terminated by addition of EDTA to a final concentration of 20mM. Aliquots 

were stored on ice before analysis of the size of the partial digestion 

products by electrophoresis on a 1% agarose gel. In this way optimum 

conditions for a single, long digest could be determined.

Agarose Gel Electrophoresis.

Agarose gels were prepared by boiling agarose (routinely 1% v/v) in ELFO 

buffer (40mM Tris pH 7.7, ImM EDTA). The solution was cooled to 50“C before 

adding ethidium bromide (5mg/ml in TE) to a final concentration of 0.5 

pg/ml. Gels were poured onto 11.2 x 12.2cm plates to a depth of 0.5cm. 

Agarose gels were placed into electrophoresis tanks and submerged in ELFO 

buffer containing 0.5pg/ml EtdBr. DNA samples were mixed with agarose 

sample buffer and loaded into preformed wells. 1 to 2pg of DNA was added to 

each well, depending on the size of the fragments to be separated. 

Electrophoresis was generally carried out at 100V and 100mA.

Isolation of DNA Fragments from Agarose Gels

Following the resolution of DNA fragments by agarose gel electrophoresis, 

the desired fragment was excised from the gel with a sterile scalpel blade 

and placed in a dialysis bag containing ELFO buffer. After removing most of 

the buffer, the dialysis bag was sealed, taking care to exclude air 

bubbles. Electrophoresis was carried out (as described above) until the DNA 

had eluted from the gel to form a discrete band at the edge of the dialysis 

bag (visualised by long-wave ÜV illumination). The polarity of the current 

was reversed for 30 seconds to release the DNA from the dialysis membrane. 

The contents of the dialysis bag was removed and extracted once with an 

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). The DNA 

solution was concentrated by 3-4 cycles of extraction with equal volumes of 

isobutanol before ethanol precipitation. The pellet was washed with 70% 

ethanol, dried under vacuum and resuspended in 50pl of sterile distilled 

water to give a DNA concentration of 20-100ng/pl.
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Ethanol Precipitation of DNA

To precipitate DNA from solution, 1/20th volume of 2M Sodium Acetate 

followed by 2.5 volumes of ethanol were added. After mixing the solution 

was frozen in a dry-ice/ethanol bath. The DNA was pelleted by 

centrifugation at 10K for 10 minutes. The supernatent was removed and the 

pellet washed once in 70% ethanol. The pellet was then dried under vacuum 

for at least 1 hour and resuspended in sterile distilled water.

Ligation

DNA fragments to be ligated were prepared in sterile distilled, deionised 

water. For sub-cloning into pAT 153 or for constructions in which one of

the fragments contained the entire vector sequence, 200ng of vector

(phosphatase treated if necessary) was mixed with a three fold molar excess 

of insert DNA. For constructions in which neither fragment could 

re-circularise to form a viable plasmid, equimolar amounts of fragments 

were ligated. The mixture was made up to ImM rATP and 1X ligation buffer 

(50mM Tris-HCl pH 7.5, lOmM MgCl^, lOmM DTT) using 10X stock solutions. 1 

unit of T4 DNA ligase was added and the ligation mix was incubated at +14“c

for 17 hours for ligation of fragments bearing cohesive ends and for 24

hours for blunt end ligations.

Preparation of competent E.coli

E.coli strain JA221 (hsdM , hsdR , LacY , leuB6 , trpES. recAl/F) was used 

in all transformations involving pAT 153 vectors. Cells were made competent 

for transformation using the following method. Luria broth (routinely 

40mls) was inoculated with 0.05 volumes of an overnight culture and grown 

with vigorous aeration at 37°C to an 00^^^ of 0.4-0.5. After chilling the 

culture on ice for 10 minutes, cells were harvested by centrifugation at 2K
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(10 mins) and resuspended in 0.5 volumes of ice-cold lOOmM CaCl^. After 40 

minutes incubation on ice, the cells were pelleted once more and gently 

resuspended in 0.05 volumes of cold CaCl^. Competent cells were held on ice 

for at least one hour before use.

Transformation of E.coli

Ligated DNA was made up to a volume of lOOpl in 1X SSC and incubated on ice 

with 200pl of competent cells. After 40 minutes, cells were heat shocked at 

42°C for 2 minutes and then returned to ice for a further 20 minutes. 1ml 

of pre-warmed Luria broth was then added to each suspension and the cells 

were incubated at 37°C for 46 minutes to allow transformants to express 

tetracycline resistance. Cells were then pelleted by centrifugation at 2K 

and resuspended in 100pl of Luria broth before plating out on L-tet plates.

Plasmid Isolation Techniques

(1) Rapid isolation of plasmid DNA This technique was routinely used to 

screen transformants. Cell pellets from 10ml cultures, grown overnight in 

L-tet, were resuspended in 730pl of 50mM Tris-HCl pH 8.0, 15% (w/v) sucrose 

and transfered to sterile microfuge tubes. 70ul of lysozyme (10mg/ml 

freshly prepared) was added to each tube to give a working strength of 

1mg/ml. After 10 minutes incubation at room temperature, 30ul of 10% (w/v) 

SDS was added followed by 75pl of 4M Pottasium Acetate (pH 7.5). The 

suspensions were incubated on ice for 30 minutes and then centrifuged for 

15 minutes in a microfuge. The pellets were discarded and 2pl of RNaseA/TI 

(2mg/ml) was added to each of the supernatents. After 15 minutes at room 

temperature the supernatents were extracted with phenol/chloroform/isoamyl 

alcohol (25:24:1) and the DNA was precipitated from the aqueous phase by 

addition of 750pl of cold ethanol. Following centrifugation for 15 minutes 

the pellet was resuspended in 300pl of 0.1M Sodium Acetate. DNA was 

re-precipitated by addition of 750pl of ethanol, followed by incubation in
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an ethanol/dry-ice bath for 15 minutes. After two additional cycles of DNA 

precipitation, the DNA pellets were washed with cold 70% ethanol, dried 

under a vacuum for 1 hour and finally resuspended in lOOpl of sterile 

destilled water. lOul of the DNA solution was sufficient for size 

estimation by agarose gel electrophoresis or for characterization by 

digestion with restriction endonucleases.

(2) Large scale isolation of plasmid DNA. Recombinant plasmids containing 

full-length cDNA inserts were isolated in a highly purified form using the 

following 'cleared lysate' method. A 1 litre culture in L-tet broth was 

grown overnight at 37®c to late stationary phase. The cells were harvested 

by centrifugation, washed once in TE buffer and resuspended in 24ml of 25% 

(w/v) sucrose, 50mM Tris-HCl pH 8.0. The cells were held on ice and 6ml of 

lOmg/ml lysozyme and 6ml of 0.5M EDTA was added whilst stirring. After 10 

minutes on ice, this was followed by 40ml of Triton mixture (50mM Tris-HCl 

pH 8.0, 50mM EDTA, 1% (w/v) Triton X 100). When lysis had occured

(indicated by the increased viscosity of the suspension), the cell debris 

was pelleted by centrifugation for 45 minutes at 20K. 8ml of 10% (w/v) SDS 

was added to the clear supernatent which was then extracted with 20ml 

phenol/chloroform (Iv/lv). the nucleic acids were precipitated from the 

aqueous phase with ethanol and re-dissolved in 10ml of lOmM Tris-HCl pH 

8.0. 50pl of a 20mg/ml solution of RNaseA/TI was added. The mixture was 

incubated for 30 minutes at 37®C and then extracted with 10ml of 

phenol/chloroform. The DNA was ethanol precipitated from the aqueous phase 

and re-disolved in a total weight of 20g of TE buffer. 4ml of a 5mg/ml 

solution of Ethidium Bromide and 23.76g of CsCl were added to bring the 

density of the solution to 1.393-1.394g/cm^. Gradients were formed by in 

36ml polyallomer tubes by centrifugation in a Sorvall TV850 rotor at 40K 

for 18 hours. The lower, plasmid DNA band was collected with a 10ml syringe 

by side puncture of the tubes. Ethidium Bromide was removed by repeated
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extractions of the DNA solution with equal volumes of CsCl/water saturated

isopropanol, followed by two extractions with an equal volume of diethyl

ether. The DNA was dialysed against 500ml of sterile distilled water with

several changes over a period of 3-4 hours. The DNA was then ethanol

precipitated and re-dissolved in sterile distilled water at a concentration 

of Img/ml.

Colony Screening

For most constructions, transformants containing recombinant plasmids could 

be identified by isolating plasmid DNA from 24 tetracycline resistant 

transformants. Recombinant plasmids were then identified on the basis of 

size, as determined by agarose gel electrophoresis, using appropriate size 

markers. Occasionaly, re-circularisation of the vector proved to be more 

efficient than recombination with the insert. In such cases, transformants 

containing recombinant plasmids could be identified by colony hybridisation 

using a radiolabeled probe prepared by nick-translation of the insert 

fragment (Grunstein and Hogness, 1975; Rigby et al., 1977).

(1) Colony hybridisation. tet^ transformants were streaked onto 

nitrocellulose filters and grown overnight at 37®c. Colonies were prepared 

for hybridisation by lysis and dénaturation in 0.5M NaOH (5 mins), and 

neutralisation in 0.5M Tris-HCl pH 7.4 (4 mins) and 0.5M Tris-Hcl pH 7.4, 

1.5M N a d  (4 mins). After drying the filters were baked in-vacuo at 80°C 

for 2 hours in 5X Denhardt's solution. Hybridisations were performed in 9cm 

pteri dishes in sealed plastic boxes. Up to 4 filters were placed in a 

single dish containing 10-20ml 5X Denhardt's solution with the radiolabeled 

hybridisation probe. Approximately 1 x 10^ cpm were used per filter. 

Hybridisation was allowed to proceed at 65®C for 18-24 hours. Filters were 

then washed at 65®C for a period of about 3 hours in three 10-15ml changes 

of 3X SSC, 0.1% SDS (w/v). After drying, filters were covered with 

Seran-wrap and subjected to autoradiography.
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(2) Preparation of raiiolabelled probe. The fragment used as the insert in 

the construction was diluted in deionised water to a concentration of 

20-100pg/ml. The DNA was boiled for 1 minute to denature it and quenched on 

ice prior to to the addition of the reaction components. This step

increased the incorporation of radiolabel in the reaction by 50%.

Nick-translation was carried out in a reaction containing lOOng DNA, Hin 

buffer (20mN Tris-HCl pH 7.4, 7mM MgCl^, 60mM NaCl), O.SmM dCTP, dGTP and 

dTTP, 0.1 mM dATP, 200pci/ml [a-^^S]dATP, lOng/ml DNase I and 20u/ml E.coli 

DNA polymerase I. After incubation for 30 minutes at room temperature, the 

reaction was stopped by phenol extraction. The hybridisation probe was

passed through a Sephadex G100 column before use to remove unincorporated 

label and very low molecular weight material, which would otherwise result 

in non specific hybridisation. The appropriate column fractions were boiled 

for 10 minutes to denature the probe before being added directly to the 

hybridisation dishes (pre-warmed to 65®C).

10.2.2 Tissue Culture Methods.

Cell Lines and Culture Conditions.

The human epithelial cell line. Hep 2c, was obtained from Dr. P. Minor,

Division of Viral Products, National Institute of Biological Sandards and 

Control, Hampstead, London. The cell line was maintained by continuous 

passage in MEM (Eagle), supplemented with 5% NCS an 0.22% NaHCO^. Cells 

were routinely grown in 175cro^ dispossable flat-bottomed flasks. To passage 

cells, confluent monolayers were washed twice in calcium and magnesium free 

PBS. 10ml of trypsin suspension (0.25% in Puck's saline) was added to each 

flask. After 2 minutes adsorption at room temperature, the trypsin was 

removed and the monolayers were incubated at 37°C until 80-90% of the cells 

had rounded up, as judged by phase contrast microscopy. 20ml of medium was 

added to each flask and the cells were dislodged by shaking. Large
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aggregates of cells were broken up by passing through a 10ml pipette. 5ml 

aliquots of trypsidised cell suspension were dispensed into 175cm^ flasks 

and approximately 70ml of warm medium was added to each flask. The 

monolayers were grown at 37®C in a humid, 5% CO^ atmosphere. Trypsidised 

cells plated out within 2 hours at 37®c and monolayers grew to full 

confluence within 3-4 days. Monolayers were split as soon as they reached 

confluence or else the growth medium was replaced with a maintenance medium 

of MEM + 2 \ FCS to preserve the monolayers for up to 7 days.

Cryogenic Preservation of Cells

Medium for freezing cells consisted of IX MEM (Eagle), 25mM HEPES pH 12.5, 

20% (v/v) glycerol and 20% (v/v) FCS. Trypsidised cells from a single 10cm

petri-dish were resuspended in 4ml of the above medium. 1ml aliquots were 

transfered to cryogenic vials and frozen overnight in an insulated 

container at -70®C. The frozen cells were transferred to Liquid Nitrogen and 

stored for up to 12 months. To initiate a culture from frozen cells, a 

single vial was defrosted rapidly by submerging in a 37®C water bath. The 

vial was sterilised by flaming in IMS before pouring the contents onto a 

10cm petri dish containing MEM + 5% NCS. The medium was changed as soon as 

the cells had plated out.

DNA Transfection.

(1) Buffers and solutions. HEPES-buffered saline was prepared at 2X 

strength and stored at 4®C in polyethylene tubes until ready for use. 2X 

HEPES buffered saline consisted of 1% (w/v) HEPES and 1.6% (w/v) NaCl, 

adjusted to pH 7.1 with 5M NaOH. 100X phosphate was prepared by mixing 

equal volumes of 70mM NaH^PO^ and 70mM Na^HPO^. 2M CaCl^ was stored at 

-20®C in polyethylene tubes for up to 1 month. All solutions were prepared 

in Nanopure distilled water and filter sterilised.
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(2) Preparation of monolayers. Monolayers were seeded the day before 

transfection. A single 175cm? flask was split into eight 10cm petri dishes 

to give monolayers of between 70% and 90% confluence after 12 hours 

incubation at 37®C. The cells were grown in MEM + 2% FCS.

(3) Calcium phosphate/DNA co-precipitate. Transfection solutions were 

equilibrated to room temperature. Solution A and solution B were prepared 

in 10ml test-tubes as follows: solution A, 50pl of 100X phosphate and 2.5ml 

of 2X HEPES buffered saline; solution B, 300pl of 2M CaCl^ and 200pl of 

supercioled plasmid DNA (Ipg/pl), made up to a total volume of 2.5ml with 

sterile distilled water. Each solution was blended in a vortex mixer. 

Solution B was then added to solution A, dropwise and very slowly, under 

conditions of continuos aggitation achieved by blowing into solution A via 

a pasteur pipette/spit-tube. The resulting solution was blended in a vortex 

mixer for 30 seconds at maximal speed. The transfection cocktail was 

allowed to stand for 30 to 40 minutes at room temperature, with periodic 

aggitation. A fine white precipitate, with no visible aggregates, is formed 

-during this period.

(4) Transfection. The medium was removed from each of four sub-confluent 

monolayers. 1ml of calcium phosphate/DNA co-precipitate was added to each 

monolayer (i.e. 40pg DNA per plate or approximately 10-20pg DNA per 2 x 10^ 

cells). After 20 minutes adsorption at 37®c, 9ml of MEM + 10% FCS was added 

to each plate. The monolayers were then incubated for a further 4 hours at 

37®C.

(5) Glycerol shock. The precipitate was removed from the each plate and 

the monolayers were washed with MEM + 2% FCS. 3ml of glycerol solution (20% 

(v/v) in HEPES-buffered saline) was added to each plate. After 3 minutes 

incubation at 37®C, the glycerol solution was removed and the monolayers 

were washed three times in MEM + 2% FCS. Finally, 10ml of MEM + 2% FCS was 

added to each plate and the transfected monolayers were incubated for 5-7 

days at 35®C.
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Poliovirus Plague Assay and Plaque Purification.

Virus was harvested from transfected monolayers by three cycles of 

freeze-thawing. This treatment releases intra-cellular virus. The 

supernatent media was centrifuged for 10 minutes at 2K to remove 

cell-debris. The cleared supernatent was aliquoted into 2ml viles and 

stored at -20®c until use. Monolayers were prepared for plaque assay by

splitting a single 175cm? flask into eight 6-well multiwell dishes (each 

well 3cm). Cells grew to full confluence following three days incubation at 

37®C. The virus suspension was titrated in 10-fold steps to 10^ in MEM +2%

FCS. 0.1 ml of each dilution was applied to separate wells. After 30

minutes adsorption at room temperature, 3ml of agar overlay was added. The 

overlay consisted of MEM + 2% FCS + 1% Noble agar and was prepared by

mixing equal volumes of 2X MEM + 2% FCS and 2% Noble agar at 45®C.

Monolayers were incubated at 35®C in an inverted position. Plaques could be 

observed after 3-4 days by examining the monolayers in oblique light. To 

count plaques the agar overlay was removed and the monolayers were fixed 

and stained with carbol fuschin. For plaque-purification, well separated 

plaques were picked with a pasteur pipette and transfered to glass vials 

containing 1ml of MEM + 2% FCS. Virus was eluted from the agar plugs by 

incubating overnight at 4®C. 0.1ml of the virus suspension was used to seed 

a confluent monolayer of cells grown on a 10cm plate in MEM + 2% FCS. 10ml

of MEM was added following adsorption at room temperature and the

monolayers were incubated at 35®C. CPE was observed following 3-4 days. 

Virus was then harvested as described above and stored in 1ml aliquots at

-20®C.
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Poliovirus Neutralisation Assay.

The poliovirus neutralisation assay was carried out in 96-well microtitre 

plates. Standard poliovirus antisera used were as follows-.-

Type I (Guinea pig) Titre = 1:32,000

Type II (Monkey) Titre = 1:4,000

Type III (Monkey) Titer = 1:1,000

The assay was designed to serotype the poliovirus isolate and, at the same 

time, to screen for the presence of extraneous viruses. The virus was

titrated to 10^ TCID^^/ml in MEM (Eagle) supplemented with 4% PCS and 0.12% 

NaHCOS. 0.1ml of virus (i.e 100 TCID^^) was mixed with 0.1 ml of the 

following antisera mixes-.-

(1) Type I and Type II

(2) Type II and Type III

(3) Type III and Type I

(4) Type I, Type II and Type III

(5) Virus titration medium.

Each of the components of the antisera mixes were diluted 1:200 in the 

virus tiration medium. The virus/antisera (routinely 4 wells/virus) were 

incubated for 3 hours at 35®C. A single 175cm^ flask of Hep 2c cells was 

trypsidised and resuspended in 150ml of the virus tiration medium. 0.1ml of 

the cell supension was added to each well and the plates were sealed with 

pressure-sensitive film. The plates were scored for CPE following 7 days 

incubation at 35®C.
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Poliovirus type 3 rct Marker Test 

The rct marker test (reproductive capacity at different temperatures) is 

routinely used as an in-vitro test for vaccine standardisation. The test is 

based on the temperature sensitivity of the Sabin attenuated vaccine

strains which replicate poorly at the non-permissive temperature of 40®C. 

The titre of the virus is determined at 35®C and 40®C using a TCID^^ assay 

and the rct value is calculated as the ratio of the Log^^ titre at 35®C and 

the log^Q titre at 40®C. The standard interpretation of the test is that 

virus with a reduction in titre at 40®C of < 2.0 log^^ TCID^^ is regarded

as wild-type or rct/40^. If the reduction in titre is > 5.0 log^^ TCID^^

the virus is said to be rct/40 . Control viruses are included in each test 

and the result is considered to be valid only if these viruses give the 

expected results. The test is carried out in 96-well microtitre plates 

using the following procedure. A single 175 cm^ flask of Hep 2c was

trypsidised and the cells were resuspended in 200ml of MEM + 5% NCS. 0.1ml 

of the cell suspension was added to each well and the plates were incubated 

at 37®C. Monolayers grew to full confluence in 2 days. On the day of the 

test, the growth medium was replaced with 0.1 ml per well of maintenance 

medium which consisted of MEM (Eagle) supplemented with 1% PCS and 0.88% 

NaHCOg. The virus was titrated in ten-fold steps to 10  ̂ in maintenance 

medium. Monolayers were inoculated with 0.1ml of virus per well at 4 wells 

per dilution as follows:-

Plates incubated Plates incubated
at 35°C at 40® C

Wild type 3 control 10-9 - 10-3 icr* - 10-5

Sabin type 3 contol 10-3 - 10-3 10"® - 10-1

Unknown viruses 10-3 - 10-3 10-8 _ 10" 1
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The plates were sealed with pressure sensitive film and submerged in water 

baths equilabrated to the appropriate temperature. The water bath 

temperatures should not vary more than 0.1®C. Monolayers were examined for 

CPE following 7 days incubation. The TCID^^ titre was calculated as the 

dilution which induces CPE in 50% of the moonolayers inoculated. At 4 wells 

per dilution each well is equivalent to 0.25 log^^ TCID^^. For example 2 

out of 4 wells positive at 10"^ = 4.00 TCID^^/0.1ml. Similarly, 3 out of 4 

wells positive at 10'* = 4.25 TCID^^/0.1ml.

10.2.3. Nucleotide Sequencing of Viral RNA

Partial nucleotide sequences were derived directly from purified viral RNA 

by adapting the di-deoxy chain termination method to an oligonucleotide

primed reverse transcriptase reaction.

Purification of Synthetic Oligonucleotides.

Synthetic oligonucleotides, complementary to viral RNA sequences downstream 

from the sites of known Sabin type 3 specific mutations, were synthesised 

by J. Kyte, Department of Biochemistry, University of Leicester. The crude 

oligonucleotide mixture was disolved in lOpl of TEE dye and boiled for 2 

minutes before loading onto a 20% polyacrylamide/urea gel. Electrophoresis 

was carried out at 45W in TEE buffer until the bromophenol blue had

migrated to the bottom of the gel. The gel was transfered to a sheet of

cling-film and layered over a fluorescent plate. The DNA was visualised by 

short wavelength UV light. The dark band positioned at the top of the 

ladder was excised with a sterile scalpel blade. The gel-slice was 

dissolved in lOOul of sterile distilled water by incubation at room 

temperature for 2 hours. The DNA was desalted by ethanol precipitation and 

resuspended in 100ul of sterile distilled water to give a concentration of 

approximately 20ng/pl.



170

Purification of Viral RNA.

For each virus 6 glass tubes (15cm by 1.3cm internai diameter) were each

seeded with 10 Hep 2c cells in 1ml of MEM + 2% FCS. The tubes were

incubated in a roller drum for 16 hours at 35®C. The medium was decanted

and 50ul of virus suspension (10 PFU/ml) was added to each tube. After

adsorption for 1 hour at 35®C, 1ml of fresh medium containing 25pci of 

[5-^H] Uriidine was added to each tube. Rolling was continued for another 

day at 35®C. The cells were then lysed by freeze-thawing at -20®C. The 

supernatents were pooled and the cell-debris removed by centrifugation at

2K. Nonidet P-40 detergeant was added to 1% and the virus suspension was

layered onto a 35ml gradient of 15 to 45% RNase-free sucrose, lOmM Tris-Hcl 

pH 7.4 and 50mM NaCl. The gradient was centrifuged at 24K for 4 hours at 

4®C and fractions of approximately 1.5ml were collected by bottom puncture. 

Fractions containing labeled virus were pooled and virus was pelleted by 

centrifugation at 30K for 16 hours. The sucrose buffer was decanted and the 

pellet was resuspended in 500pl of 150mM sodium acetate. After transfering 

to a sterile microfuge tube, 2pl of 50mM B-mercaptoethanol was added. The 

suspension was extracted three times with equal volumes of

phenol/chloroform/isoamyl alcohol (25/24/1) and once with H^O saturated 

ether. RNA was precipitated from the aqueous phase by addition of 5ul of 5M 

NaCl and 2.5 volumes of etanol, followed by incubation in a dry-ice bath 

for 20 minutes. The pellet was dried under vacuum for 30 minutes and 

resuspended in 5pl of sterile distilled water to give a concentration of 

approximately 1pg/ml.



171

Nucleotide Sequencing of Viral RNA bv Primer Extension.

(1) Sequencing reagents. dNTP and ddNTPs were prepared as 20mM master 

stocks and stored at -20®C. The dNTP mix was prepared as follows

dNTP Mix 20mM dATP Ipl

20mM dGTP 20pl 

20mM dCTP 20pl 

20mM dTTP 20pl

dNTPs were diluted to 6.4mM before diluting for use as follows;-

ddNTPs 6.4mM ddATP Ipl + 24pl H^O

6.4mM ddGTP 1pl + 3pl H^O

6.4mM ddCTP Ipl + 7pl H^O

6.4mM ddTTP Ipl + 3pl H^O

ddNTP/dNTP mixes were prepared for sequencing as follows:-

dd/dNTP mix A G C T

dNTP Mix 2.5 2.5 2.5 2.5 pi

ddNTP 2.5 2.5 2.5 2.5 pi

H20 5 5 5 5 pi

(2) Sequencing protocol. 3pl of Liquid Parrafin was added to each of four 

labelled microfuge tubes. The RNA/primer hybrid mix was then prepared as 

follows : -

Hybrid mix 1pl RNA (Ipg)

Ipl Primer (20ng)

Ipl 8X RT buffer 

Ipl [a-^^P]dATP
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The 8X RT buffer (reverse transcriptase buffer) consisted of BOOmM Tris-HCl 

pH 8.3, 1.12M KCl, 80mM MgCl^. dd/dNTP/RTase mixes were prepared as

follows : -

dd/dNTP/RTase 5pl dd/dNTP mix (relevant base)

4pl H20

1pl Reverse Transcriptase (llu/pl)

Ipl of hybrid mix was dispensed into each of four parrafin'ed tubes. Ipl of 

the relavent dd/dNTP/RTase was added to the side of the tubes, the reagents 

were mixed by a short spin in the microfuge. The reaction was allowed to 

proceed for 15 minutes at 45®C and then terminated by addition of 8ul of 

lOmM EDTA. The parrafin was extracted by adding 150pl of ether which was 

then removed using a pasteur pipette and water-pump. 2.5pl of each reaction 

was mixed with Ipl of formamide dye. The solution was boiled for 3 minutes 

and chilled briefly in a dry-ice bath, before loading on an B% 

polyacrylamide gel. Electrophoresis was carried out in THE buffer at 16mA 

per gel.

10.2.4. Nucleotide Sequencing of Poliovirus cDNA.

Ml3 Sub-cloning of DNA Fragments.

Restriction endonuclease fragments were ligated into appropriately digested 

Ml3 vectors using the following procedure. Digested Ml3 RF DNA (lug/ml) and 

the purified restriction endonuclease fragment (0.1-1 ug/ml or a 1:3 fold 

molar ratio of insert : vector) were incubated at 14®C for 18-24 h in the 

presence of 50mM Tris-HCl pH 7.5, lOmM MgCl^, lOmM DTT, ImM ATP.
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Transfection of E.coli.

M13 ligation mixtures (see above) were used to transform competent JM103 

cells (see, "Preparation of Competent cells") using the following method. 

0.1ml of competent cells were added to each lOul ligation mixture and 

incubated on ice for 40 min, then heat shocked at 42®C for 2 min. The cells 

were plated out onto well-dried minimal agar plates in 3ml of Luria 

soft-top agar containing 6ug/ml BCIG, 5ug/ml IPTG and 0.15ml of a 

stationary phase culture of JM103. After allowing the soft top to solidify, 

the plates were incubated in an inverted position at 37®C for 18 h. 

Recombinant phage containing cDNA inserts formed turbid plaques ("whites") 

on incubation, easily distinguishable from the blue plaques formed by phage 

without inserts.

Preparation of single-stranded Recombinant Ml3 DNA.

Single stranded Ml3 DNA to be used as templates for nucleotide sequencing 

was prepared as follows. Recombinant plaques were harvested using sterile 

toothpicks and used to infect 1 ml cultures in Luria broth, seeded with a 

1:100 dilution of a stationary phase culture of JM103. These cultures were 

grown at 37®C with vigorous aeration for 6 h. The cells were then pelleted 

by centrifugation in 1.5ml Eppendorf tubes at 15,000 x g for 5 mins in an 

Eppendorf microfuge. The cell pellets were discarded and the phage 

precipitated from the supernatents by the addition of 0.2ml of a solution 

of 10% (w/v) PEG, 2.5 M NaCl. After incubation for 30-60 min at room

temperature, the phage were harvested by centrifugation for 15 min in an 

Eppendorf microfuge. The supernatent liquid was removed with a drawn out 

capillary. Tubes without phage pellets were discarded at this stage. The 

remaining pellets were resuspended in 0.1ml of 1.1M sodium acetate pH 7.0. 

The phage suspension was vortexed with 50ul of aqueous phenol. 50ul of 

chloroform/isoamyl alcohol (50v/1v) was added and the tubes were vortexed 

again. They were then centrifuged for 1 min in an Epindorf microfuge. The
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aqueous phase was re-extracted with 0.1ml of chloroform/isoamyl alcohol and 

the DNA precipitated by the addition of 0.25ml of ethanol and chilling the 

tubes in a alcohol - dry-ice bath. Following centrifugation for 10 min in a 

microfuge, the supernatents were removed with a drawn out capillary. The 

pellets were dried under vacuum and redisolved in 20pl of 10 mM Tris-HCl pH 

8.0, 0.1 mM EDTA.

DNA Sequencing.

Nucleotide sequencing of recombinant Ml 3 phage bearing restriction 

endonuclease fragments of poliovirus cDNA was carried out using the method 

of Sanger et al., (1977). 2pl of template DNA was placed in a 0.4ml 

Eppendorf tube with 2pl of priming mixture containing Ing primer (synthetic 

oligonucleotide complementary to poliovirus cDNA), lOmM Tris-HCl pH 8.5, 

5mM MgCl^. The tube was sealed, placed in a boiling water bath for 5 min, 

then allowed to cool to room temperature for 15 min. After priming, 4pl of 

3mM DTT, 3uCi [a-35S]dATP and 0.4u E.coli DNA polymerase I (Klenow 

fragment) were added. To start the reaction, 2ul aliquots of the primed 

mixture were added to open 1.5ul Eppendorf tubes containing Ipl of A/G/C/T 

nucleotide mixture (see Table 8.1.). After 15 min at room temperature,

0.5pl of 0.5mM dATP was added. After a further 15 minutes, 2pl of 

formamide-dye mixture (containing 95% (v/v) formamide, 20mM EDTA, 0.1% w/v 

bromophenol blue, 0.1% (w/v) xylene cyanol) was added and the tubes were

placed in a boiling water bath for 3 min. The samples were then loaded onto 

6% (w/v) acrylamide TEE gradient gels (50cm x 20cm x 0.25cm), containing BM 

urea. Electrophoresis was carried out at a constant 40W (aproximately 20mA, 

2000V) with 0.5 x TEE in the upper chamber and 1 x TEE in the lower. 

Electrophoresis was terminated when the bromophenol blue marker had 

migrated to the bottom of the gel. The gel was fixed in 10% (v/v) acetic 

acid, transfered to Whatman 3MM paper and dried on a Bio Rad 1125E gel 

drier (Bio Rad Laboratories Ltd, Watford, UK). The gels were then subjected 

to autoradiography for 12 h - 2 days.
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Table 8.1.

Composition of Nucleotide Sequencing Reagents

A G C T
Ml Ml Ml Ml

0.5mM dGTP 250 12.5 250 250

0.5mM dCTP 250 250 12.5 250

O.SmM dTTP 250 250 250 12.5

S.OmM dATP 1 - - -

lOmM ddGTP - 8 - -

lOmM ddCTP - - 4 -

lOmM ddTTP - - - 25
tTE 250 500 500 500

*10mM Tris-HCl pH 8.0, ImM EDTA



176

REFERENCES

Abreu, S.L. and Lucas-Lenard, J. (1976) Cellular protein synthesis shut-off 

by mengovirus: Translation of non-viral and viral mRNAs in extracts from 

uninfected and infected ascites tumour cells. J. Virol. 18, (182-).

Agol, V.I., Grachev, V.P., Drozdov, S.G., Kolesnikova, M.S., Kozlov, V.G., 

Ralph, N.M., Romanova, L.I., Tolskaya, E.A., Tyufanov, A.V. and

Viktorova, E.G. (1984) Construction and properties of intertypic

poliovirus recombinants: First approximation mapping of the major

determinants of neurovirulence. Virology 136, (41-54).

Ambros, V., Petterson, R.F. and Baltimore, D. (1978) An enzymic activity in 

uninfected cells that cleaves the linkage between poliovirion RNA and the 

5'-terminal protein. Cell 15, (1439-1446).

Apriletti, J.W. and Penhoet, E.E. (1974) Recovery of DNA-dependent RNA 

polymerase activities from L cells after mengovirus infection. Virology 

il, (597-601).

Apriletti, J.W. and Penhoet, E.E. (1978) Cellular RNA synthesis in normal 

and mengovirus-infected L-929 cells. J. Biol. Chem. 253. (603-611).

Argos, P., Tsukihara, T. and Rossmann, M.G. (1980) J. Mol. Evol. 15.

( 169-179) .

Assad, F. and Cockburn, W.C. (1982) The relation between acute persisting 

spinal paralysis and the poliomyelitis vaccine-results of a 10 year 

enquiry. Bulletin of WHO 60, (231-242).

Axler, D.A. and Crowell, R.L. (1968) Effect of anticellular serum on the 

attachment of enteroviruses to HeLa cells. J. Virol. 2, (813-).

Bachrach, H.L., Moore, D.M., McKercher, P.D. and Polatnick, J. (1975) 

Immune and antibody response to isolated capsid protein of foot-and-mouth 

disease virus. J. Immunol. 115, (1636-1641).



177

Baglioni, C., Simili, M. and Shafritz, D.A. (1978) Initiation activity of 

EMC virus RNA binding to initiation factor eIF-4B and shut-off of host 

protein synthesis. Nature (London) 275, (240-).

Baltimore, D. (1969) The replication of picornaviruses. p.101-176 _In (Levy, 

H.B. ed.) The Biochemistry of Viruses, Marcel Dekker, New York.

Baltimore, D. and Franklin, R.M. (1962) The effect of mengovirus infection 

on the activity of the DNA-dependent RNA polymerase of L-cells. Proc. 

Natl. Acad. Sci. USA. 4jB, ( 1383-1390).

Baron, M.H. and Baltimore, D. (1982) In vitro copying of viral positive 

strand RNA by poliovirus replicase. Characterization of the reaction and

its products. J. Biol. Chem. 257. (12359-12367).

Beck, E., Feil, G. and Strohmaier, K. (1983) The molecular basis of 

•antigenic variation of foot-and-mouth disease virus. EMBO J. 2,

(555-559).

Beneke, T.W., Habermehl, K-0., Diefenthal, W. and Buchholz, M. (1977) 

lodination of poliovirus capsid proteins. J. Gen. Virol. 34., (387-).

Beswick, T.S.L. and Coid, C.R. (1961) The influence of technique on the

sensitivity of monkeys to intraspinally inoculated poliovirus. J. 

Hygiene. (395-399).

Beswick, T.S.L., Coid, C.R., Hartley, E ., Henderson, M and Winter, K.

(1964) The behavoiour of attenuated strains of poliovirus in monkeys.

J. Neurol. Neurosurg, Pschiat. 21, (10-24).

Bittle, J.L., Houghten, R.A., Alexander, H ., Shinnick, T.M., Sutcliffe, 

J.G., Lerner, R.À., Rowlands, D.J. and Brown, F. (1982) Protection 

against foot-and-mouth disease by immunisation with a chemically 

synthesised peptide predicted from the viral nucleotide sequence. Nature 

298, (30-).

Black, D.N., Stephenson, P., Rowlands, D.J. and Brown, F . (1979) Sequence 

and location of poly (C) tract in aphtho- and cardiovirus RNA. Nucl. 

Acids Res. 6, (2381-2390).



178

Bodian, D. (1949) Histopathalogic basis of clinical findings in

poliomyelitis. Amer. J. Med. 6, (563-578).

Bodian, D. and Paffenbarger, R. (1954) Polimyelitis infections in

households. Frequency of viremia and specific antibody response. Amer. J. 

Hyg. 60, (83-).

Boulger, L.R., Marsden, S.A., Magrath, D.I., Taffs, L.F. and Schild, G.C.

(1979) Comparative monkey neurovirulence of Sabin type 3 poliovirus

vaccine. J. Biol. Stand. 2, (97-111).

Brown, F. (1978) Structure-function relationships in the picornaviruses. 

p. 49-72 In (Perez-Bercoff, R. ed.) The Molecular Biology of

Picornaviruses, Plenum Press, New-York.

Blondel, B ., Akacem, 0., Crainic, R ., Coullin, P. and Horodnileanu, F .

(1983) Detection of an antigenic determinant critical for poliovirus 

neutralisation present on VP1 and on heat inactivated virions. Virology 

126, (707-).

Borgert, K. , Koschel, K. , Tauber, H. and Wecker, E. (1971) Effect of 

hydroxylamine on early functions of poliovirus. J. Virol. 8., (1-)

Brown, B. and Ehrenfeld, E. (1980) Initiation factor preparations from 

poliovirus infected cells restrict translation in reticulocyte lysates. 

Virology 103. (327-).

Brown, G., Newman, J., Sttot, J., Porter, A., Frisby, D ., Newton, C., 

Carey, N. and Fellner, P. (1974) Poly (C) in animal virus RNAs. Nature 

2 5 1 . (342-344).

Brown, M.S., Anderson, R.G.W. and Goldstein, J.L. (1983) Recycling 

receptors; the roud trip itinery of migrant membrane proteins. Cell 32. 

(663-667).

Brown, F ., Cartwright, B. and Stewart, D.L. (1962) Further studies on the 

infection of pig-kidney cells by foot-and-mouth disease virus. Biochem. 

and Biophys. Acta. (768-)

Brioen,P., Dekegel, D. and Boeye, A. (1983) Neutralisation of poliovirus by 

antibody mediaited polymerisation. Virology 127. (463-468).



179

Butterworth, B.E. (1973) A comparison of the virus-specific polypeptides of 

encephalomyocarditis, human rhinovirus 1A and poliovirus. Virology 56. 

(439-453).

Butterworth, B.E. and Korant, B.D. (1974) Characterization of the large 

picornaviral polypeptides produced in the presence of Zn ion. J. Virol. 

14, (282-291).

Cann, A.J., Stanway, G ., Hauptman, R ., Minor, P.D., Schild, G.C., Clarke, 

L.D., Mountford, R.C. and Almond, J.W. (1983) Poliovirus type 3; 

Molecular cloning of the genome and nucleotide sequence of the region 

encoding the protease and polymerase proteins. Nucl. Acids Res. 11, 

(1267-1281).

Cann, A.J., Stanway, G ., Minor, P.D., Evans, D.M.A., Schild, G.C. and 

Almond, J.W, (1984) Reversion to neurovirulence of the live-attenuated 

Sabin type 3 oral poliovirus vaccine. Nucl. Acids Res. ±2, (7787-7792).

Carroll, A.R., Rowlands, D.J. and Clarke, B.E. (1984) The complete

nucleotide sequence of the RNA coding for the primary translation product 

of foot-and-mouth disease virus. Nucl. Acids Res. 12., (2461-2472).

Carthew, P. and Martin, S.J. (1974) The iodination of bovine enterovirus 

particles. J. Gen. Virol. 24, (525-234).

Cavanaugh, D ., Rowlands, D.J. and Brown, F. (1978) Early events in the

interaction between foot-and-mouth disease virus and primary pig kidney 

cells. J. Gen. Virol. H ,  (2555-)

CDR ( 1982) Poliomyelitis surveillance 1980 and 1981, Communicable Diseases 

Report 44., ( 3-4) .

Chow, M. and Baltimore, D. (1982) Isolated poliovirus capsid protein VP1 

induces a neutralising response in rats. Proc. Natl. Acad. Sci. USA. 79, 

(7518-) :
Chow, M. Yabrov, R., Bittle, J., Hogle, J. and Baltimore, D. (1985)

Synthetic peptides from four separate regions of the poliovirus type 1 

capsid protein VP1 induce neutralizing antibodies. Proc. Natl. Acad. Sci. 

USA. 82, (910-914).



180

Cohen, A. and Laban, A. (1983) Plasmidic recombination in E.coli K-12: the 

role of the recF gene function. Mol. Gen. Genet. 189. (471-474).

Colman, P.M., Varghese, J.N. and Laver, W.G. (1983) Structure of catalytic 

and antigenic sites in influenza virus neuraminidase. Nature 303. 

(41-44).

Cooper, P.D. (1969) The genetic analysis of poliovirus. p177-218 In (Levy,

H.B. ed.) The Biochemistry of Viruses, Marcel Decker, New York.

Cooper, P.D. ( 1977) Genetics of picornaviruses. pi33-207 In (Fraenkal- 

Conrat, H. and Wagner, R. eds.) Comprehensive Virology 9, Plenum Press, 

New York.

Cossart, Y.E. (1977) Evolution of poliovirus since the introduction of the 

attenuated vaccine. Brit. Med. J. 1, (1621-1623).

Crawford, N., Fire, A., Samuals, M . , Sharp, P.A. and Baltimore, D. (1981) 

Inhibition of transcription factor activity by poliovirus. Cell 27, 

(555-561).

Crawford, N.M. and Baltimore, D. 1983 Genome-linked protein of poliovirus 

is present as free Vpg and VpgpUpU in poliovirus infected cells. Proc. 

Natl. Acad. Sci. USA. 80, (7452-7455).

Crowell, R.L. (1966) Specific cell surface alteration by enteroviruses as

reflected by attachment interference. J. Bacteriology 9J., (198-).

Crowell, R.L. and Philipson, L. (1971) Specific alterations of 

coxsackievirus B3 eluted from HeLa cells. J. Virol. 8, (509-515).

Crowell, R.L. and Landau, B.J. (1983) Receptors in the initiation of

picornavirus infections, pi-42 In (Fraenkel-Konrat, H. and Wagner, R.

eds.) Comprehensive Virology J_8, Plenum Press, New York.

Crowell, R.L., Landau, B.J. and Philipson, L. (1971) The early interaction 

of coxsackievirus B3 with HeLa cells. Proc. Soc. Exp. Biol. Med. 137. 

(1082-) .

Dasgupta, A., Baron, M.H. and Baltimore, D. (1979) Poliovirus replicase: a 

soluble enzyme able to initiate copying of poliovirus RNA. Proc. Natl. 

Acad. Sci. USA. 76, (2769-).



181

Dasgupta, A., Zabel, P. and Baltimore, D. (1980) Dependence of the activity

of the poliovirus replicase on a host cell protein. Cell 19, (423-429).

Dasgupta, A., Holdingshead, and Baltimore, D. (1982) Antibody to a host 

protein prevents initiation by the poliovirus replicase. J. Virol. 42, 

(1114-1117).

Dernick, R ., Heukeshoven, J. and Hilbrig, M. (1983) Induction of 

nuetralising antibodies to all three structural poliovirus polypeptides. 

Virology 130. (243-246).

Diamond, D.C., Jameson, B.A., Emini, E.A. and Wimmer, E. (1985) Antibody 

resistant variants of poliovirus type 1. p241-247 In (Lerner, R.A.,

Channock, R.M. and Brown, F. eds.) Vaccine 85, Cold Spring Harbor 

Laboratory.

Domingo, E., Sabo, D ., Taniguichi, T. and Weismann, C. (1978) Nucleotide

sequence heterogeneity of an RNA phage population. Cell 13, (735-744).

Dulbecco, R ., Vogt, M. and Strickland, A.G.R. (1956) A study of the basic 

aspescts of neutralisation of two animal viruses, western equine

encephalitis virus and poliomyelitis virus. Virology %, (162-205).

Dunker, A.K. and Rueckert, R.R. (1971) Fragments generated by pH

dissociation of ME virus and their relation to the structure of the 

virion. J. Mol. Biol. 58, (217-235).

Edery, I., Humbelin, M. , Darveau, A., Lee, K., Milburn, S., Hershey, J.,

Traschel, H. and Sonenberg, N. (1983) Involvemnt of eukaryotic initiation 

factor 4A in the cap recognition process. J. Biol. Chem. 258, (11398-).

Eigen, M. , Gardinier, W., Schuster, P. and Winkler-Oswatitsch, R. (1981) 

The origin of genetic information. Scientific American 244. (78-96).

Ehrenfeld, E. and Manis, S. (1979) Inhibition of 80S initiation complex

formation by infection with poliovirus. J. Gen. Virol. 43, (441-).

Emini, E.A., Elzinga, M. and Wimmer, E. (1982) Carboxy terminal analysis of 

poliovirus proteins; the termination of poliovirus RNA translation and 

the location of unique poliovirus polyprotein cleavage sites. J. Virol. 

42, (194-199).



182

Emini, E.A., Kao, S., Lewis, A.J., Crainic, R. and Wimmer, E. (1983)

Functional basis of poliovirus neutralisation determined with

monospecific neutralising antibodies. J. Virol. 4E, (466-474).

Emini, E.A., Ostapchuck, P. and Wimmer, E. (1983b) Bivalent attachment of

antibody onto poliovirus leads to conformational alteration and 

neutralization. J. Virol. 48., (547-550).

Emini, E.A., Jameson, B.A., and Wimmer, E. (1983c) Priming for and

induction of anti-poliovirus neutralizing antibodies by synthetic 

peptides. Nature 304. (699-703).

Emini, E.A., Jameson, B.A., and Wimmer, E. (1984) Peptide induction of

poliovirus neutralizing antibodies: Identification of a new

neutralization antigenic site on poliovirus coat protein, VP2. J. Virol. 

52, (719-).

Enders, J.F., Weller, T.H. and Robbins, F.C. (1949) Cultivation of the 

Lansing strain of poliovirus in cultures of various human embryonic 

tissue. Science 109. (85-87).

Enders, J.F., Robbins, F.C. and Weller, T.H. (1954) The cultivation of the 

poliomyelitis viruses in tissue culture. Rev. Infect. Dis. 2, (493-504).

Etchison, D ., Milburn, S.C., Edery, I., Sonenberg, N. And Hershey, J.W.B.

(1982) Inhibition of HeLa cell protein synthesis following poliovirus 

infection correlates with the proteolysis of a 220,000 dalton polypeptide 

associated with eukaryotic initiation factor 3 and a cap-binding protein 

complex. J. Biol. Chem. 257, (14806-).

Etchison, D ., Hansen, J., Ehrenfeld, E., Edery, I., Sonenberg, N ., Milburn, 

S. and Hershey, J.W.B. (1984) Demonstration in vitro that eukaryotic 

initiation factor 3 is active but that cap-binding protein complex is 

inactive in poliovirus infected HeLa cells. J. Virol. (832-837).

Evans, D.M.A., Minor, P.D., Schild, G.S. and Almond, J.W. (1983) Critical 

role of an eight amino acid sequence of VP1 in the neutralisation of 

poliovirus type 3. Nature 304. (459-462).



183

Evans, D.M.A., Dunn, G., Minor, P.D., Schild, G.C., Cann, A.J., Stanway, 

G., Almond, J.W., Currey, K. and Maizel., J.V. Jr. (1985) Increased 

neurovirulence associated with a single nucleotide change in a non-coding 

region of the Sabin type 3 poliovaccine genome. Nature 314. (548-550).

Fellner, P. (1979) General organisation and structure of the picornavirus 

genome. p25-47 In (Perez-Bercoff, R. ed.) The Molecular Biology of 

Picornaviruses, Plenum Press, New York.

Fenwick, M.L. and Cooper, P.D. (1962) Early interactions between poliovirus 

and ERK cells. Some observations on the nature and significance of the 

rejected particles. Virology 18, (212-).

Ferguson, M. , Yi-Hua, Q., Minor, P.D., Magrath, D.I., Spitz, M. and Schild, 

G.C. (1982) Monoclonal antibodies specific for the Sabin vaccine strain

of poliovirus type 3. Lancet ii, (122-124).

Ferguson, M., Minor, P.D., Magrath, D.I., Yi-Hua, Q., Spitz, M. and Schild, 

G.C. (1984) Neutralisation epitopes on poliovirus type 3 particles: an

analysis using monoclonal antibodies. J. Gen. Virol., £5, (197-201).

Fernandez-Munoz, R. and Darnell, J.e. (1976) Structural difference between 

the 5 '-termini of viral and cellular mRNA in poliovirus-infected cells: 

Possible basis for the inhibition of host protein synthesis. J. Virol. 

18, (719-).

Flammond, A. (1980) pi 15 In (Bishop, D. ed.) Rhabdovirus Genetics 2, CRC 

Press, Boca Raton, Fa.

Flanegan, J.B., Petterson, R.F., Ambros, V., Hewlett, M.J. and Baltimore,

D. (1977) Covalent linkage of protein to a defined nucleotide sequence at 

the 5 '-terminus of the virion and replicative intremediate RNAs of 

poliovirus. Proc. Natl. Acad. Sci. USA. 74., (961-965).

Flanegan, J.B. and Baltimore, D. (1977) Poliovirus-specific primer- 

dependent RNA polymerase able to copy poly (A). Proc. Natl. Acad. Sci. 

USA. 74, (3677-3680).



184

Flanegan, J.B. and van Dyke, T. (1979) Isolation of a soluble and template 

dependent poliovirus RNA polymerase that copies virion RNA in-vitro. J. 

Virol. 32, (155-161).

Fowler, R.G., Degnen, G.E. and Cox, E.C. (1974) Mutational specificity of a 

conditional E .coli mutator, mut D5. Mol. Gen. Genet. 133.( 179-)

Follett,E.A.C., Pringle, C.R. and Pennington, T.H. (1975) Virus development 

in enucleate cells: echovirus, poliovirus, pseudorabies virus, reovirus, 

RSV and semliki forest virus. J. Gen. Virol. 2£, (183-196).

Franklin, R.M. and Baltimore, D. (1962) Patterns of macromolecular 

synthesis in normal and virus infected cells. Cold Spring Harbor Symp. 

Quant. Biol. 27, (175-198).

Goldstein, J.L., Anderson, R.G.W. and Brown, M.S. (1979) Coated pits,

coated vesicles, and receptor mediated endocytosis. Natuer 279.

(679-685).

Grifo, J.A., Tahara, S.M., Morgan, M.A., Shatkin, A.J. and Mernick, W.G.

(1983) New initiation factor activity required for globin mRNA

translation. J. Biol. Chem. 258. (5804-).

Golini, F ., Thach, S.S., Birge, C.H., Safer, B ., Mernick, W.C. and Thach, 

R.E. (1976) Competition between cellular and viral mRNAs is regulated by 

a messenger discrimatory initiation factor. Prc. Natl. Acd. Sci. USA. 73. 

(3040-).

Hall, L. and Rueckert, R. (1971) Infection of mouse fibroblasts by

cardioviruses. Premature uncoating and its prevention by elevated pH and 

magnesium chloride. Virology 4£, (152-).

Hansen, J.L., Etchison, D ., Hershey, J.W.B. and Ehrenfeld, E. (1982)

Association of cap-binding protein with eIF-3 in initiation factor 

preparations from uninfected and poliovirus infected and poliovirus- 

infected cells. J. Virol. A2, (220-).

Hansen, J.L., Etchison, D ., Hershey, J.W.B. and Ehrenfeld, E. (1982b)

Localisation of cap-binding protein in subcellular fractions of Hela 

cells. Mol. Cell. Biol. 2, (1639-).



185

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).

Harris, T.J.R. and Brown, F. (1977) Biochemical analysis of virulent/ 

avirulent strains of FMDV. J. Gen. Virol. 34., (87-105).

Helenius, A., Mellman, I., Wall, D. and Hubbard, A. (1983) Endosomes. 

Trends in Biochemical Sciences 8, (245-250).

Helentjaris, T. and Ehrenfeld, E. (1978) Control of protein synthesis in 

extracts from poliovirus infected cells I. mRNA discrimination by crude 

initiation factors. J. Virol. 2£, (510-).

Helentjaris, T., Ehrenfeld, E., Brown-Luedi, M.L. and Hershey, J.W.B. 

(1979) Alterations in the initiation factor from poliovirus infected HeLa

cells. J. Biol. Chem. 2£4, (10973-).

Hirst, G.K. (1962) Genetic recombination with Newcastle disease virus, 

poiliovirus and influenza. Cold Spring Harbor Symp. Quant. Biol. 27. 

(303-308).

Hogle, J.M., Chow, M. and Filman, D.J. (1985) The three dimensional 

structure of poliovirus at 2.9 A resolution. Science 229, (1358-1365).

Hodes, H.L., Zepp, H.D. and Ainbender, E. (1960). A physical property as a

virus marker: Difference in avidity of cellulose resin for virulent

(Mahoney) and attenuated (LSc-2ab) strains of type 1 poliovirus. Virology 

11, (306-308).

Holland, J.J. (1962) Irresversible eclipse of poliovirus by HeLa cells. 

Virology 16, ( 163-) .

Holland, J.J. (1962b) Inhibition of DNA-primed RNA synthesis during 

poliovirus infection of himan cells. J. Mol. Biol. 8, (556-).

Holland, J.J. and McLaren, L.C. (1959) The mammalian cell-virus

relationship. II. Adsorption, reception and eclipse of poliovirus by HeLa 

cells. J. Exp. Med. 109, (487-).



186

Holland, J.J., McLaren, L.C. and Syvertyon, J.T. (1959a) Mammalian cell- 

virus relationhip. III. Poliovirus production by non-primate cells 

exposed to poliovirus ribonucleic acid. Proc. Soc. Exp. Biol. Med. 100, 

(843-).

Holland, J.J., McLaren, L.C. and Syverton, J.T. (1959b) The mammalian cell- 

virus relationship. IV. Infection of naturally insusceptible cells with 

enterovirus ribonucleic acid. J. Exp. Med. 110, (65-).

Hopp, T.P., and Woods, K.R. (1981) Prediction of protein antigenic 

determinants from amino acid sequences. Proc. Natl. Acad. USA. 78, (3824- 

3828).

Horden, J.S., Leonard, J.D. and Scraba, D.S. (1979) Structure of the 

mengovirion VI. Spatial relationships of the capsid polypeptides as 

determined by chemical cross-linking analysis. Virology, 92, (131-).

Horstmann, D.M. (1950) Acute poliomyelitis: Relation of physical activity 

at the time of onset to the course of the disease. J. Am. Med. Assoc. 

142. (236-241).

Horstmann, D.M., McCollum, R.M.W. and Wascola, A.D. (1954). Viremia in 

human poliomyelitis. J. Exp. Med. 19, (355-369).

Icenogle, J., Shiwen, H ., Duke, G., Rueckert, R.R. and Aderegg, J. (1983) 

Neutralisation of poliovirus by monoclonal antibody; kinetics and 

stoichiometry. Virology 127. (412-425).

Jacobson, M.F. and Baltimore, D. (1968) Polypeptide cleavages in the

formation of poliovirus proteins. J. Mol. Biol. 41, (657-669).

Jacobson, M.F., Asso, J. and Baltimore, D. (1970) Further evidence on the 

formation of poliovirus proteins. J. Mol. Biol. 41, (657-669).

Jameson, B.A., Bonin, J., Murray, M.G., Wimmer, E. and Kew, 0. (1985) 

Peptide induced neutralising antibodies to poliovirus. p191-198 In 

(Lerner, R.A., Chanock, R.M. and Brown, F. eds.) Vaccine 85, Cold Spring 

Harbor Laboratory, 1985.



187

Johnson, R.T. (1982) Meningitis, encephalitis and poliomyelitis. p87-128 %n 

Viral Infections of the Central Nervous System, Raven Press, New York.

Joklik, W.K. and Darnell, J.E. (1961) The adsorption and early fate of 

purified poliovirus in HeLa cells. Virology J, (377-).

Jones, I.A., Primrose, S.B. and Ehrlich, S.D. (1982) Recombination between 

short direct repeats in a recA host. Mol. Gen. Genet. 188. (486-489).

Katagiri, S., Aikawa, S. and Hinuma, Y . (1971) Stepwise degradation of 

poliovirus capsid by alkaline treatment. J. Gen. Virol. 1_3, (101-109).

Kaufmann, Y ., Goldstein, E. and Penman, S. (1976) Poliovirus-induced 

inhibition of polypeptide initiation in-vitro on native polyribosomes. 

Proc. Natl. Acad. Sci. USA. 73, (1834-).

Kew, O.M., Pallansch, M.A., Omlianowski, D.R. and Rueckert, R.R. (1980) 

Changes in three of the four coat proteins of oral poliovaccine strain 

from tpye 1 poliovirus. J. Virol. 31, (256-263).

King, A.M.Q. and Newman, J.W.I. (1980) Temperature sensitive mutants of 

foot-and-mouth disease virus with altered structural polypeptides. I. 

Identification by electrofocusing. J. Virol. 34, (59-66).

King, A.M.Q., Slade, W.R., Newman, J.W.I. and McCahon, D. (1980) 

Temperature sensitive mutants of foot-and-mouth disease virus with 

altered structural polypeptides II. Comparison of recombination and 

biochemical maps. J . Virol. 34, (67-72).

King, A.M.Q., McCahon, D ., Slade, W.R. and Newman. J.W.I. (1982) 

Recombination in RNA. Cell 29, (921-928)

Kitamura, N ., Semler, B.L., Rothberg, P.G., Larsen, G.R., Adler, C.J., 

Dorner, A.J., Emini, E.A., Hanecak, R., Lee, J.J., van der Werf, S., 

Anderson, C.W. and Wimmer, E. (1981). Primary structure, gene 

organisation and polypeptide expression of poliovirus RNA. Nature 291. 

(547-553).



188

Kleid, D.G., Yansura, D., Small, B., Dowbenko, D., Moore, D.M., Grubman,

M.J., McKercher, P.O., Morgan, D.O., Robertson, B.H. and Bachrach, H.L.

(1981) Cloned viral protein vaccine for foot-and-mouth disease: responses 

in cattle and swine. Science 214. (1125-1128).

Korant, B.D. (1972) Cleavage of viral precursor proteins in-vivo and

in-vitro. J. Virol. jO, (751-759).

Korant, B.D., Lonberg-Holm, K., Noble, J. and Stasny, J.T. (1972) Naturally 

occurring and artificially produced components of three rhinoviruses. 

Virology 41, (71-86).

Kornberg, A. (1980) p724 In DNA Replication, Sanfrancisco. Freeman.

Koschel, K. (1974) Poliovirus infection and poly (A) sequences of

cytoplasmic cellular RNA. J. Virol. 13, (1061-).

Koza, J. (1963) Calcium phosphate adsorption patterns of virulent and 

attenuated strains of poliovirus. Virology 21, (477-481).

Kozak, M. (1978) How do eukaryote ribosomes select initiation regions in

mRNA. Cell 15, (1109-1123).

Kozak, M. (1981) Possible role of flanking oligonucleotides in recognition 

of the AUG initiator codon by eukaryote ribosomes. Nucl. Acids Res. 9, 

(5233-5252).

Kozak, M. (1984) Compilation and analysis of sequences upstream from the

translational start site in eukaryotic mRNAs. Nucl. Acids Res. 12, (857- 

872) .

Kozak, M. (1984b) Point mutations close to AUG initiator codon affect the 

efficiency of translation of rat preproinsulin in-vivo. Nature 308 (241- 

246) .

Krah, D.L. and Crowell, R.L. (1985) properties of the deoxycholate- 

solubilised HeLa cell plasma membrane receptor for binding group B 

coxsackieviruses. J. Virol. 53 (867-870).

Kunkel, T.A. and Loeb, L.A. (1980) On the fidelity of DNA replication, the 

accuracy of E.coli DNA polymerase I in copying natural DNA in-vitro. J. 

Biol. Chem. 255, (9961-).



189

Laban, A. and Cohen, A. (1981) Interplasmidic and intraplasmidic

recombination in E.coli K-12. Mol. Gen. Genet. 184. (200-207).

Laporte, J., Grosclaude, J-, Wantyghem, J., Bernards, S. and Rouze, P. 

(1973) Neutralisation en culture cellulaire du pouvoir infectieux du 

virus de la fievre aphteuse pars des serums provenant de porcs immunises 

a l'aide d'une proteine purifee. Comptes Redus Hebdomadaires Seances de 

1 'Académie des Sciences, Series D276 (3399-).

Lake, J.R., Priston, A.J. and Slade, W.R. (1975) A genetic recombination 

map of foot-and-mouth disease virus. J. Gen. Virol. 27, (355-367).

Larsen, G.R., Semler, B.L. and Wimmer, E. (1981) Stable hairpin structure 

within the 5 '-terminal 85 nucleotides of poliovirus RNA. J. Virol. 37, 

(328-335).

Larsen, G.R., Anderson, C.W., Dorner, L.F., Semler, B.L. and Wimmer, E. 

(1982) Cleavage sites within the poliovirus capsid protein precursors. J. 

Virol. 41, (340-344).

Lawrence, C. and Thach, R.E. (1974) Encephalomyocarditis virus infection of 

mouse plasmacytoma cells. I. Inhibition of cellular protein synthesis. J. 

Virol. 11, (598-).

Lazzarini, R.A., Keene, J.D. and Schubert, M. (1981) The origins of 

defective interfering particles of the negative-strand RNA viruses. Cell 

26, (145-154).

Ledinko, N. (1963) Genetic recombination with poliovirus type 1. Studies of 

crosses between a normal horse serum resistant mutant and several 

guanadine resistant mutants of the same strain. Virology 20, (107-119).

Leibowitz, R. and Penman, S. (1971) Regulation of protein synthesis in HeLa 

cells III. Inhibition during poliovirus infection. J. Virology £, (661-).

Levitt, N.H. and Crowell, R.L. (1967) Comparative studies of the 

regeneration of HeLa cell receptors for poliovirus type 1 and 

coxsackievirus B 3 . J. Virol. _1_, (693-).



190

Liu, C-C-, Simonsen, C.C. and Levinson, A.D. (1984) Initiation of

translation at internal AUG codons in mammalian cells. Nature 309. 

(82-85).

Lonberg-Holm, K. (1975) The effects of concanavalin A on The early events

of infection by rhinovirus type 2 and poliovirus type 2. J. Gen. Virol.

28, (313-).

Lonberg-Holm, K. and Butterworth, B.E. (1976) Investigation of the

structure of poliovirus and human rhinovirus through the use of selective 

chemical reactivity. Virology 7J, (207-216).

Lonberg-Holm» K . and Korant, B.D. (1972) Early interactions of

rhinoviruses with host cells. J. Virol. 9., (29-).

Lonberg-Holm, K. and Philipson, L. (1974) Early interaction between animal 

viruses and cells. Monogr. Virol. 1, (1-).

Lonberg-Holm, K ., Gosser, L.B. and Kauer, J.C. (1975) Early alteratioon of 

poliovirus virions in infected cells and its specific inhibition. J. Gen. 

Virol. 27, (329-).

Lonberg-Holm, K ., Crowell, R.L. and Philipson, L. (1976) Unrelated animal

viruses share receptors. Nature 259. (679-).

Lonberg-Holm, K ., Gosser, L.B. and Shimshick, E.J. (1976b) Interaction of

liposomes with subviral particles of poliovirus type 2 and rhinovirus

type 2. J. Virol. Ü ,  (746-).

Lowe, P.A., King, A.M.Q., McCahon, D ., Brown, F. and Newman, J.W. (1981) 

Temperature sensitive RNA polymerase mutants of a picornavirus. Proc. 

Natl. Acad. Sci. USA. 78, (4448-4452).

Lund, G.A., Ziola, B.R., Salmi, A. and Scraba, D.G. (1977) Structure of the 

mengovirion. V. Distribution of the capsid polypeptides with repsect to 

the surface of the virus particle. Virology 7£, (35-44).

Lwoff, A. (1959) Factors influencing the evolution of viral diseases at the 

cellular level and in the organism. Bact. Rev. 21» (109-).



191

Madshus, I.H., Olsnes, S. and Sandvig, K. (1984) 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 Sandvig, K. (1984b) Requirements for entry of 

poliovirus RNA into cells at low pH. EMBO J. 3., (1945-1950).

Mak, T.W., Colter, J.S. and Scraba, D.G. (1974) Structure of the 

mengovirion II. Physicochemical and electromicroscopic analysis of 

degrade virus. Virology, 57, (543-553).

Mandel, B. (1976) Neutralisation of poliovirus*. a hypothesis to explain the 

mechanism and the one-hit character of neutralisation. Virology 69, 

(500-510).

Mandel, B. (1978) Neutralization of animal viruses. Advances in Virus 

Research 23., (205-268).

Marsden, S.A., Boulger, L.R., Magrath, D.I., Reeve, P., Schild, G.C. and

Taffs, L.F. (1980) Monkey neurovirulence of live attenuated (Sabin) type 

1 and type 2 poliovirus vaccines. J. Biol. Stand. £, (303-309).

Marsh, M., Wellsteed, J., Kern, H ., Harms, E. and Helenius, A. (1982)

Monesin inhibits semliki forest virus penetration into culture cells.

Proc. Natl. Acad. Sci. USA. 79, (5297-5301).

McGregor, S., Hall, L. and Rueckert, R.R. (1975) Evidence for the existence 

of promoters in the assembly of encephalomyocarditis virus. J. Virol. 1_5, 

(1107-1120).

McGregor, S. and Rueckert, R.R. (1977) Picornaviral capsid assembly; 

similarity of rhinovirus and enterovirus precursor subunits. J. Virol.

21, (548-553).

Mclaren, L.C., Holland, J.J. and Syverton, J.T. (1959) The mammalian

cell-virus relationship I. Attachment of poliovirus to cultivated cells 

of primate and non-primate origin. J. Exp. Med. 109. (475-).

Medappa, K.C., MacLean, C. and Ruckert, Rr.R. (1971) On the structure of

Rhinovirus 1A. Virology 44, (259-270).



192

Melnick, J.L. (1982) Towards the eradication of poliomyelitis. p261-299 In 

(de la Maza, L.M. and Petreson, E.M. eds.) Medical Virology, Elisevier 

Biomedical, New York.

Meselson, P., Pukkila, M. , Rokowski, M. , Peterson, J., Radman, M. and 

Wagner, R. (1980) J. Supramol. Struct. Suppl. 4, (311-).

Miller, D.A., Miller, O.J., Dev, V.G., Hashmi, S., Tantravahi, R. , Medrano,

L. and Green, H. (1974) Human chromosome 19 carries a poliovirus receptor 

gene. Cell 1, (167-).

Minor, P.O. (1980) Comparative biochemical studies of type 3 polioviruses. 

J. Virol. 34, (73-84).

Minor, P.D. (1982) Characterization of strains of type 3 poliovirus by 

oligonucleotide mapping. J. Gen. Virol. (307-317).

Minor, P.O., Schild, G.C., Bootman, J., Evans, D.M.A., Ferguson, M., Reeve, 

P., Spitz, M. , Stanway, G., Cann, A.J., Hauptmann, R ., Clarke, L.D., 

Mountford, R.C. and Almond, J.W. (1983) Location and primary structure of 

a major antigenic site for poliovirus neutralisation. Nature 301.

(674-679).

Minor, P.O., Pipkin, P.A., Hockley, D ., Schild, G.C. and Almond, J.W.

(1984) Antiviral properties of monoclonal antibodies specific for

cellular receptors of poliovirus; a novel approach to the diagnosis and 

control of viral infection. Virus Res. j_, (203-212).

Minor, P.O., Evans, D.M.A., Ferguson, M. , Schild, G.C., Westrop, G.D. and

Almond, J.W. (1985) Principal and subsidary antigenic sites of VP1 

involved in the neutralization of poliovirus type 3. J. Gen. Virol. 65. 

( 1 159-1 165) .

Morrow, C.D. and Dasgupta, A. (1983) Antibody to a synthetic nonapeptide

corresponding to the NH2 terminus of poliovirus genome-linked protein VPg 

reacts with native Vpg and inhibits in-vitro replication of poliovirus 

RNA. J. Virol. 48, (429-439).



193

Noble, J, and Lonberg-Holm, K. (1973) Interactions of components of human 

rhinovirus type 2 with HeLa cells. Virology (270-).

Nomoto, A., Lee, Y.F. and Wimmer, E. (1976) The 5' end of poliovirus mRNA 

is not capped with m^G^ppp^Np. Proc. Natl. Acad. Sci. USA. 73, (375-380).

Nomoto, A., Detjen, B., Pozzatti, R. and Wimmer, E. (1977a) The location of 

the polio genome protein in viral RNAs and its implications for RNA 

synthesis. Nature 268. (208-213).

Nomoto, A., Kitamura, N ., Goland, and Wimmer, E. (1977b) 5' structures of

poliovirus RNA and mRNA differ only in Vpg. Proc. Natl. Acad. Sci. USA.

74, (5345-).

Nomoto, A., Omata, T., Toyoda, H ., Kuge, S., Horie, H ., Kataoka, Y ., Genba, 

Y ., Nakano, Y . and Imura, N. (1982) Complete nucleotide sequence of the

attenuated poliovirus Sabin 1 strain genome. Proc. Natl. Acad. Sci. USA.

79, (5793-5797).

Nottay, B.K., Few, 0., Hatch, M . , Heyward, J. and Obijeski, J. (1981) 

Molecular variation of type 1 vaccine related and wild polioviruses 

during replication in humans. Virology 108, (405-423).

Okayama, H. and Berg, P. (1982) High efficiency cloning of full-length

cDNA. Mol. Cell. Biol. 2, (161-170).

Omata, T., Kohara, M . , Abe, S., Hoh, H ., Komatsu, T., Arita, M., Semler,

B.L., Wimmer, E., Kuge, S., Kameda, A. and Nomoto, A. (1985) Construction

of recombinant viruses between Mahoney and Sabin Strians of type 1 

poliovirus and their biological charactaristics. p279-283 In (Lerner, 

R.A., Channock, R.M. and Brown, F . eds.) Vaccine 85, Cold Spring Harbor 

Laboratory.

Paul, J.R. (1971) A History of poliomeylitis. Yale University Press, New 

Haven and London.

Palmenberg, A.C., Pallansch, M.A. and Rueckert, R.R. (1979) Protease 

required for processing of picornaviral coat protein resides in the viral 

replicase gene. J. Virol. 32, (770-778).



194

Palmenberg, A.C., Kirby, E.M., Janda, M.R., Drake, N.L., Duke, G.M., 

Potratz, K.F. and Collet, M.S. (1984) The nucleotide and deduced amino 

cid sequences of encephalomyocarditis viral polyprotein coding region. 

Nucl. Acids Res. 12, (2969-2985).

Penman, S. and Summers, D. (1965) Effects on host cell metabolism following 

synchronous infection with poliovirus. Virology 27, (614-).

Petterson, R.F., Flanegan, J.B., Rose, J.K. and Baltimore, D. (1977) 5'- 

terminal nucleotide sequences of poliovirus polyribosomal RNA and viral 

RNA are identical. Nature 268. (270-272).

Petterson, R.F., Ambros, V. and Baltimore, D. (1978) Identification of a 

protein linked to nascent poliovirus RNA and to the poly (U) of negative 

strand RNA. J. Virol. 27, (357-365).

Pfaff, E., Mussgay, M. , Bohm, B.C., Schulz, G.E. and Schaller, H. (1982) 

Antibodies against a pre-selected peptide recognise and neutralise foot- 

and-mouth disease virus. EMBO J. 1, (869-).

Philips, B.A., Summers, D.F. and Maizel, J.V.Jr. (1968) In-vitro assembly 

of poliovirus related particles. Virology 25., (216-226).

Philips, B.A. (1969) In-vitro assembly of poliovirus I. Kinetics of the 

assembly of empty capsids and the role of extracts from infected cells. 

Virology 39, (811-821).

Philipson, L., Beatrice, S.T. and Crowell, R.L. (1973) A structural model 

for picornaviruses as suggested from an analysis of urea degraded virions 

and procapsids of coxsackievirus B3. Virology 54., (69-79).

Porter, A.G., Fellner, P., Black, D.N., Rowlands, D.J., Harris, J.J.R. and 

Brown, F. (1978) 5' terminal nucleotide sequences in the genome of

picornaviruses. Nature 276. (298-301).

Portner, A., Webster, R.G. and Bean, W.H. (1980) Similar frequencies of 

antigenic variants in sendai, Vesicular stomatitis and influenza A virus. 

Virology 104. (235-).

Putnak, J.R. and Philips, B.A. (1981) Picornaviral structure and assembly. 

Microbiological Rev. 4_5, (287-315).



195

Putnak, J.R. and Philips, B.A. (1982) Poliovirus empty capsid 

morphogenesis; Evidence for conformational differences between Self- and 

Extract assembled empty capsids. J. Virol. 41, (792-800).

Racaniello, V.R. and Baltimore, D. (1981a) Molecular cloning of poliovirus

cDNA and determination of the complete nucleotide sequence of the RNA

genome. Proc. Natl. Acad. USA. 28, (4887-4891).

Racaniello, V.R. and Baltimore, D. (1981b) Cloned poliovirus complementary

cDNA is infectious in mammalian cells. Science 214. (916-919).

Racaniello, V.R. and Baltimore, D. (1982) Studies on poliovirus by

transfection with cloned viral cDNA, In From Gene to Protein; Translation 

into Biotechnology, Academic Press,

Reanney, D. (1984) The molecular evolution of viruses. p175-196 In (Mahy,

B.W.J. and Pattison, J.R.) The Microbe 1984, Part I Viruses, Cambridge

University Press.

Rekosh, D.M., Lodish, H.F. and Baltimore, D. (1970) Protein synthesis in

E.coli extracts programmed by poliovirus RNA. J. Mol. Biol. 54, 

(327-340).

Robbins, F.C. (1984) Summary and Recomendatins of the International 

Symposium on Poliomyelitis Control. Rev. Infect. Dis. Sup. 2,

(S596-S600).

Rose, J.K., Traschel, M., Leong, K. and Baltimore, D. (1978) Inhibition of 

translation by poliovirus inactivation of a specific host factor. Proc. 

Natl. Acad. Sci. USA. 80, (6562-).

Rosenworth, B. and Eggers, H.J. (1979) Early processes of Echovirus 12 

infection; elution, penetration and uncoating under influence of 

rhodamine. Virology, 97, (241-).

Rossmann, M.G., Arnold, E., Erickson, J.W., Frankenberger, R.E., Griffith, 

J.P., Hecht, H.J., Johnson, J.E., Kramer, G., Luo, M . , Mosser, A.G., 

Rueckert, R.R., Scherry, B. and Vriend, G . (1985) The structure of a 

human common cold virus (rhinovirus 14) and its functional relations to 

other picornaviruses. Nature 317. (145-153).



196

Rothberg, D.J., Harris, T.J.R., Nomoto, A. and Wimmer, E. (1978) 

0-(5'-urididylyl)-tyrosine is the bond bteween the genome-linked protein 

and the RNA of polioviruses. Proc. Natl. Acad. Sci. USA. TS, (4868-4872).

Rowlands, D.J., Harris, T.J.P.. and Brown, F. (1978) More precise location 

of the polycytidylic acid tract in foot-and-mouth disease virus RNA. J. 

Virol. 16, ( 335-43) .

Rueckert, R.R., Dunker, A.K. and Stoltzfus, C.M. (1969) The structure of

Mouse-Elberfeld virus; a model. Proc. Natl. Acad. USA. 61, (912-919).

Rueckert, R.R. (1976) On the structure and morphogenesis of picornaviruses. 

In (Fraenkel-Conrat, H. and Wagner, R.R. eds.) Comprehensive Virology 6, 

New York, Plenum Press.

Rueckert, R.R., Mathews, T.J., Kew, O.M., Pallansch, M ., McLean, C. and

Omilianowski, D. (1979) Synthesis and processing of picornaviaral

polyprotein, pi 13-126 In (Perez-Bercoff, R. ed.) The molecular biology of 

picornaviruses. Plenum Press, New-York.

Sabin, A.B. (1956) Pathogenesis of poliomyelitis; Reapraisal in the light 

of new data. Science 123. (1151-1157).

Sabin, A.B. (1961) Reproductive Capacity of Polioviruses of diverse origins 

at various temperatures. Perspectives in Virology 2, (90-100).

Sabin, A.B. and Boulger, L.R. (1973) History fo the Sabin attenuated 

poliovirus oral live vaccine strains. J. Biol. Stand. 1, (115-118).

Sabin, A.B. and Lwoff, A. (1959) Relation between reproductive capacity of 

polioviruses at different temperatures in tissue culture and 

neurovirulence. Science 129, (1287-).

Sabin, A.B., Walter, A., Hennessen, M.D. and Winsser, J. (1954) Studies on 

variants of poliomyelitis virus. I. Experimental segregation and 

properties of avirulent variants of three immunogenic types. J. Exp. Med. 

99, (551-576).

Sanger, D.V., Rowlands, D.J., Harris, T.J.R. and Brown, F . (1977) Protein 

covalently linked to foot-and-mouth disease virus RNA. Nature 268. 

(648-650).



197

Sauneders,K and King, A.M.Q. (1982) Guanidine resistant mutants of 

aphthovirus induce the synthesis of an altered non-structural polypeptide 

P34. J. Virol. 42, (389-394).

Schonberger, L.B., Thaunt, U., Khi, D.K.M., Swe, T., Khi, M.D. and Bregman, 

D. (1981) The epidmiology of poliomyelitis in Burma, 1963-1979 p283-292

In (Henson, W and van Wezel, A.L. eds.) Developments in Biological

Standardisation 47, S.Karger, Basel.

Schaffer, F.L. and Hackett, A.J. (1963) Early events in poliovirus-HeLa 

cell interaction; Acridine orange photosensitisation and detergent 

extraction. Virology 21, (124-).

Schwartz, L.B., Lawrence, C., Thack, R.E. and Roeder, R.G. (1974)

Encephalomyocarditis virus infection of mouse plasmacytoma cells II. 

Effect on host RNA synthesis and RNA polymerases. J. Virol. 14. 

(611-619).

Semler, B.L., Anderson, C.W., Kitamura, N ., Rothberg, P.G., Wishart, W.L.

and Wimmer, E. (1981a) Poliovirus replication proteins; RNA sequence 

encoding P3-1b and the sites of proteolytic processing. Proc. Natl. Acad. 

Sci. USA. 78, (3464-3468).

Semler, B.L., Hanecak, R. , Anderson, C.W. and Wimmer, E. (1981b) Cleavage

sites in the polypeptide precursors of poliovirus protein P2-X. Virology,

114. (589-594).

Semler, B.L., Anderson, C.W., Hanecak, R ., Dorner, L.F. and Wimmer, E.

(1982) A membrane associated precursor of Vpg identified by immuno 

precipitation with antibodies directed against a synthetic heptapeptide. 

Cell 28, (405-412).

Semler, B.L., Dorner, A.J. and Wimmer, E. (1984) Production of infectious

poliovirus from cloned cDNA is dramatically increased by SV40 

transcription and replication signals. Nucl. Acids. Res. 12, (5123-).

Sherry, B. and Rueckert, R. (1985) Evidence for at least two dominant 

neutralisation antigens on human rhinovirus 14. J. Virology 53., (137-).



198

Sherry, B., Mosser, A.G., Colonno, R.J and Rueckert, R.R. (1985) J.Virology 

In press.

Smith, H.O. and Birnsteil, M.L. (1976) A simple method for DNA restriction

site mapping. Nucl. Acids Res. 3, (2387-2398).

Sonenberg, N., Morgan, M., Merrick, W. and Shatkin, A.J. (1978) A 

polypeptide in eukaryotic initiation factors that cross-links 

specifically to the 5'-terminal cap in mRNA. Proc. Natl. Acad. Sci. USA. 

75, (4843-).

Spector, D.H. and Baltimore, D. (1974) Requirement of 3' terminal poly (A) 

for infectivity of poliovirus RNA. Proc. Natl. Acad. Sci. USA. 71. 

(2983-2987).

Spector, D.H., Villa-Komaroff, L. and Baltimore, D. (1975) Studies on the 

function of poly (A) on poliovirus RNA. Cell €, (41-44).

Stanway, G., Cann, A.J., Hauptmann, R., Hughes,P., Clarke, L.D., Mountford, 

R.C., Minor, P.D., Schild, G.C. and Almond, J.W. (1933) The nucleotide

sequence of poliovirus type 3 leon 12a^b: comparison with poliovirus

type 1. Nucl. Acids Res. H ,  (5629-5643).

Stanway, G ., Hughes, P.J., Mountford, R.C., Reeve, P., Minor, P.O., Schild, 

G.C. and Almond, J.W. (1984) Comparison of the complete nucleotide 

sequence of the genomes of the neurovirulent poliovirus P3/Leon/37 and 

its attenuated derivative P3/Leon/12a^b. Proc. Natl. Acad. Sci. USA. 81. 

( 1539-1543) .

Stanway, G ., Hughes, P.J., Mountford, R.C., Minor, P.D. and Almond, J.W.

(1984) The complete nucleotide sequence of a common cold virus: human 

rhinovirus 14. Nucl. Acids Res. 12, (7859-7875).

Stromaier, K. , Franze, R. and Adam, K.H. (1982) Location and 

characterization of the antigenic portion of FMDV immunizing protein. J . 

Gen. Virol. (1982) 59, (295-306).

Summers, D.F. and Maizel, J.V. (1967) Desegregation of HeLa cell poysomes 

after infection with poliovirus. Virology 21, (550-).



199

Summers, D.F. and Maizel, J.V. (1971) Determination of the gene sequence of 

poliovirus with pactamycin. Proc. Natl. Acad. Sci. USA. 68, (2852-2856).

Summers, D.F., Maizel, J.V. and Darnell, J.E. (1965) Evidence for virus- 

specific non-capsid proteins in poliovirus infected HeLa cells. Proc. 

Natl. Acad. Sci. USA 54, (505-513).

Svitkin, Y.V., Agarova, T.Y., Ginevskaya, V.A., Kalinina, N.O., Scarlat,

I.V. and Agol, V.I. (1974) Efficiency of translation of viral and 

cellular mRNAs in extracts form cells infected with encephalomyocarditis 

virus. Intervirology 4., (214-).

Svitkin, Y.V., Masalova, S.V. and Agol, V.I. (1985) The genomes of 

attenuated and virulent poliovirus strains differ in their in-vitro 

translation efficiencies. Virology 147. (243-252).

Taber, R.D., Rekosh, D. and Baltimore, D. (1971) Effect of pactamycin on 

synthesis of poliovirus proteins: a method for genetic mapping. J. Virol, 

i, (395-401).

Tahara, S.M., Morgan, M.A. and Shatkin, A.J. (1981) Two forms of purified 

m7G-cap binding protein with different effects on capped mRNA translation 

in extracts of uninfected and poliovirus infected HeLa cells. J. Biol. 

Chem. 256, (7691-) .

Takegami, T., Semler, B.L., Anderson, C.W. and Wimmer, E. (1983) Membrane 

fractions active in poliovirus RNA replication contain Vpg precursor 

polypeptides. Virology 128. (33-47).

Takegami, T., Kuhn, R.J., Anderson, C.W. and Wimmer, E. (1983) Membrane 

dependent uridylation of the genome-linked protein Vpg of poliovirus. 

Proc. Natl. Acad. Sci. USA. 80, (7447-7451).

Talbot, P. and Brown, F . (1972) A model for foot-and-mouth disease virus. 

J. Gen. Virol. 15, (163-170).

Talbot, P., Rowlands, D.J., Burroughs, J,N. , Sajigar, D.V. and Brown, F. 

(1973) Evidence for a group protein in foot-and-mouth disease virus 

particles. J. Gen. Virol. 19, (369-).



200

Tartakoff, A.M. (1983) Pertubation of vesicular traffic with the carboxylic 

ionophore monesin. Cell 32, (1026-1028).

Thorpe, R ., Minor, P.O., Mackay, A., Schild, G.C. and Spitz, M. (1982) 

Immunochemical studies of polioviruses: Identification of immunoreactive 

virus capsid polypeptides. J. Gen. Virol. 63, (487-492).

Tolskaya, E.A., Romanova, L.A., Kolesnikova, M.S. and Agol, V.I. (1983) 

Intertypic recombination in poliovirus: Genetic and biochemical studies. 

Virology 124, (121-132).

Totsuka, A., Ohtaki, K. and Tagaya, I. (1978) Aggregation of enterovirus 

small plaque variants of poliovirus uder low ionic strength conditions. 

J. Gen. Virol. 36, (519-533).

Toyoda, H ., Kohara, M., Kataoka, V., Suganuma, T., Omata, t., Imura, N. and 

Nomoto, A. (1984) Complete nucleotide sequence of all three poliovirus 

seroytpe genomes. J. Mol. Biol. 174. (561-586).

Tsipis, J.E. and Bratt, M.A. (1976) Isolation and preliminary 

characterization of temperature sensitive mutants of Newcastle disease 

virus. J. Virol. 18, (848-).

Tuschall, D.M., Hiebert, E. and Flanegan, J.B. (1982) Poliovirus RNA 

dependent RNA polymerase synthesises full-length copies of poliovirion 

RNA, cellular mRNA and several plant RNAs in-vitro. J. Virol. 44, 

(209-216).

van der Marel, P., Hazendonk, T.G., Heneke, M.A.C. and van Wezel, A.L.

(1983) Induction of neutralizing antibodies by poliovirus capsid 

polypeptides VP1, VP2 and VP3. Vaccine 1, (17-22).

van Dyke, T. and Flanegan, J.B. (1980) Identification of poliovirus 

polypeptide p63 as asoluble RNA-dependent RNA polymerase. J. Virol. 25, 

(7432-740).

van Dyke, T., Rickies, R.J. and Flanegan, J.B. (1982) Genome length copies 

of poliovirion RNA synthesised in-vitro by the poliovirus RNA dependent 

RNA polymerase. J. Virol. 3b, (7432-740).



201

van Wezel, A.L. and Hazendonk, A.G. (1979) Intratypic serodifferentiation 

of poliomyelitis virus strains by strain-specific antisera. Intervirology 

11, (2-8).

Varghese, J.N., Laver, W.G. and Colman, P.M. (1983) Structure of the 

influenza virus glucoprotein antigen neuraminidase at 2.9 A resolution. 

Nature 303, (35-40).

Vogt, M . , Dulbecco, R. and Wenner, H.A. (1957) Mutants of poliomyelitis 

virus with reduced efficiency of plating in acid medium and reduced 

neuropathogenicity. Virology 4, (141-155).

WHO (1983) Requirements for poliomyelitis vaccine (oral). WHO Technical 

Report Series N687, WHO, Geneva,

WHO Collaborative Study (1981) Markers of poliovirus strains isolated from 

cases ’temporarily associated with the use of live poliovirus vaccine. J. 

Biol. Stand. 9., ( 163-184).

Winter, M.M. and Boulger, L.R. (1963) The sensitivity of neurovirulence 

tests. Association Europeene contre la Poliomyélite et la maladies 

associées. Extrait du IX Symposium, Stockholm.

Wiegers, K-J. and Dernick, R. (1983) Monospecific antisera against capsid 

polypeptides of poliovirus type 1 distinguish antigenic structures of 

poliovirus proteins. J. Gen. Virol. 24, (777-785).

■ Young, N.A. and Moon, R.J. (1975) Structure and assembly of virulent and 

attenuated strains of poliovirus. p58 In (Bedson, Najera, Valenciano and 

Wildy. eds.) Proceedings of 3rd International Congress of Virology.

leichhardt, H., Wetz, K., Willingmann, P. and Habermehl, K-0. (1985) Entry 

of poliovirus type 1 and ME virus into Hep 2c cells: receptor-mediated 

endocytosis and endosomal or lysosomal uncoating. J. Gen Virol. 66, 

(483-492).


