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ABSTRACT 

The use of amber mutations of bactenophage have allowed complicated pathways of 

assembly to be dissected for bacteriophage systerns. However, vi r d  assembly continues 

to be poorly understood with the eucaryotic viruses. Because of the value of arnber 

mutations with bacteriophage the current studies in to the assembly pathways of reovirus 

were initiated usin; the Fields panel of temperature sensitive rs mutants of rsovirus. 

One problem with investigations involving the Fields panel was the inability to clearly 

ideniify the ts phenotype in some clones. Increasing restrictive temperature by 0.5 to 1 .O 

OC effected additional reductions in the titre of in fectious progeny obtained at restrictive 

iemperatures, reducing the ratio of infectious pmgeny between permissive and restrictive 

cultures by up to three orders of magnitude. Using this data it was possible to clearly 

identify the fs phenotype in a number of clones which were refractive to earlier study. 

The prototype clones for recombination groups E and I were evaluated. In addition to 

clearly associating the rs lesion to the appropnate gene segment it  was possible to 

confirm that neither clone was able to establish a productive infection at restrictive 

temperatures. Neither tsE320, nor rs1138 produced dsRNA at restrictive temperature. 

Further, the clone rs1138 was identified as having a slow growth phenotype, consistently 

producing reduced levels of dsRNA and titres of inkctious progeny at permissive 

temperatures than the wild type parent and other mutant clones. Ultrastructural 

investigations with this clone indicated that the viral inclusions at permissive temperatures 

were rare and disorganized. 



Ts mutations were identitied on two separate bene segments with the clone rsA279. The 

M2 gene segment, which encodes the major outer capsid protein p 1, was associated with 

a blockade in transmembrane transport of restrictively assembled vinons. Four point 

mutations were identified in the genetic sequence for this segment. each effecting a 

change in the primary structure of the encoded protein. Two mutations, in proximity 

with each other, changed prolines to serenes at amino acid residues 306 and 315, and 

disrupted predicted secondary structure in amphipathic regions by changing proposed a- 

helices to P-sheets. The other two mutations were also in proximity with each other, 

effecting pnmary structure changes from proline to threonine and glutamate to lysine 

at residues 673 and 687, respectively . These mutations affected predicted positive charge 

in 4,  the carboxy terminus proteolytic fragment of p l .  and inay affect the ability of the 

fragment to interact with host membranes during transmembrane transport. 

The second lesion, in the L2 gene segment. was associated with the production of a 

primary core particle. This core panicle was defective for both minor proteins p2 and 

X2. This is the first report of a pnmary core particle comprised of the core proteins h l ,  

X3, and 02. The existence of this primary core particle has profound implications 

conceming the assembly processes of reovirus. 
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CHAPTER 1 

Introduction 

1. Introduction. 

Viruses exist in two stages, a vegetative and an inanimate stage. Dunng the vegetative 

stage the virus resides inside a host ceIl as an obligate parasite, utüizing a combination 

of host and vual encoded biochernical systems to achieve the goal of reproduction and 

continuation of the species. In order to survive between replicative cycles the virus must 

build a package to cary its reproductive information. This package must be able to 

resist the environment into which the vins will be released. It must also carry the 

signals necessary for recognition and interaction with target host cells which will be 

conducive to future growth (Harrison er al, 1996; Nibert er al, 1991a). 

Since the development of negative stain transmission electron mkroscopy (NS-TEM) 

( B r e ~ e r  and Home, 1959) structural virologists have benefitted from an expanding 

repertoire of methods to identi fy and characterize Wal structures. X-ray cry staliograp h y 

has aliowed the macromoIecular resolution of vinons such a poliovirus (Hogle et al. 

1985) and rhinovirus 14 (Rossmann et al, 1985). More recently component structures 

such as the highly immunogenic G-H loop of foot and mouth disease capsid protein VP1 

(de Prat-Gay, 1997) and the hemagglutinin of influenza virus expressed in Ercherkhia 

coli (Hoffman et al, 1997) have been the target of high resolution studies. Electron 

cryomicroscopy has utilized image averaging and multiple images of vinons in different 



focal planes to provide three dimensional imaging of sindbis virus (Paredes et al, 1993) 

rotavirus (Prasad et al, 1996) and aquareovirus (Shaw et al, IW6), pubvirai particles of 

ravirus (Dryden er al, 1 993), reassortant rotavinis clones (Shaw et al, 1993) and capsids 

assembled fiom expressed bluetongue capsid proteins (Hewat et al, 1992). More recent 

electron cryomicroscopy studies have utilized proteoiytically degraded reuvirus 

intermediate structures (Luongo et al. 1997), expressed rotavinis capsid protein VP2 

which was engineered to delete the amino terminus of the protein (Lawton et al. 1997). 

and rotavirus and reovirus virions undergoing in virro transcription (Lawton et al. 1997; 

Yeager et al, 1996; Yeager eî al, in submission) to provide additional structurai 

information. Low temperature, high resolution scanning electron microscopy has also 

been utilized to visualize reovirus particles (Centonze et al, 1995), and atomic force 

microscopy has been used to visualize double stranded RNA of rwvinis (Lyubchenko, 

et  al, 1992a, Lyubchenko et al, 1992b). These studies allow the visualization of 

cornpiete structures and some assembly and disassembly intermediate stnictures, permit 

the localization of some proteins, and may even identify the regions of interaction 

between some proteins (Luongo et al. 1997) and nucleic acids, (Prasad et al, 1996). 

However, they do not elaborate the temporal pathways and spatial patterns by which 

viral proteins interact in an additive fashion to assemble the packing crate needed to carry 

the genomic cargo to its next address through a hostile environment. 

Viral assembly is an important late step in replication that is poorly understood in animal 

vimses. The size and shape of the package which must carry the genome between 



replicatîve cycles is detemined by mechanisms involved in assembly, viral release, 

extraceliular transport, attachmen t, penetration and uncoating (Harrison et al, 1996). 

The assembly pathways of bactenophage have been studied in detail using conditionaliy 

lethai amber mutations of bacteriophage T4 (Berget and King, 1983; Black and Showe, 

1983; Wood and Crowther, 1983) and P22 (Prevelige and King, 1993). However, the 

many different strategies for biochemical regulation and interaction with host d i s ,  

genome organization, and assembly and structural designs employai by the eucaryotic 

viruses have mitigated against similar success in virus:eucaxyote systems. These studies 

are directed toward further elaboration upon the process of viral morphogenesis using 

reovirus, a small, double shelled agent of intermediate complexity . 

2. Reovimses. 

The Reoviridae are comprised of seven genera. Three genera (cypovinis, fijivims, and 

phytoreovirus) are agents which infect plants and insects. Two genera (coltivirus and 

orbivims) infect animas with an insect vector. The remaining genera (reovirus, and 

rotavims) contain species which infect anirnals (Francki er al, 1991; Joklik, 1983; 

Matthews, 1982; Monath and Guirakhoo, 1996). ECHO 10, the original reovirus clone 

was isolated from stool swabs from a healthy child (Ramos-Alverez et al. 1954). In 

recognition that there had been no pathological syndrome associated with the virus the 

agent was subsequently redesignated reovinis for Respiratory , En tenc, Qrphan virus 

(Sabin, 1959). Three major serotypes were subsequently isolated from human sources, 

and prototype clones established: serotypes Tl, Lang (?'IL) (the original ECHO 10); T2, 



Jones 0; and T3 Abney (T3A). Another isolate of T3, the Dearing isolate, has also 

been utilized extensively as a prototype (Sabin, 1959). In addition to the human isolates, 

a simian source agent was identified from pooled monkey kidney cells (SVi2, Hull et al, 

1956) and from a monkey sick with respiratory illness (SVs9, Hull et al, 1958). These 

isolates were subsequently iden tified as being TIL and T2J, respectively (Sabin, 1959). 

A number of clinical conditions have been associated with reovims infection. TlL has 

been associated with viral meningitis in humans (Johansson et al, 1996), and acute 

myocarditis in mice, (Sherry and Blum, 1994, Sherry et al, 1996), while T3D has been 

associated with biliary atresia in mice (Wilson et al, 1994) and acute pneumonia (Morin 

er al, 1996). Conversely, probes to the reovirus T3D M3 gene segment identified this 

agent in only one biopsy from 34 cases of either ideopathic neonatal hepatitis or biliary 

atresia in infants following reverse transcriptase/polymerase chah reaction amplification, 

with agarose gel separation and Southern probing (Steele et al, 1995). This study 

suggests reovirus does not play a strong role in human neonatal cholestatic liver disease. 

a. Virus structure. 

The reovinis vinon is a non enveloped double shelled protein structure with a diameter 

of approximately 85nm (Dryden et al, 1993). Controlled degradation studies utilizing 

proteolytic digestion of the whole particle, heating, or high pH suggest that the virion has 

at least two intermediate structures (Nibert er al. 1996a) (Figure 1.1, Table 1.1). Studies 

utilizing expressed viral proteins (Xu er al, 1993), or digestion dter  high heat suggest 



Figure 1.1 The structure. eenome and oroteins of reovims. 

A. Polyacrylarnide gel electrophoresis of Reovinss Type 1 Lang (V), the Intemediate 
SubViral Particle (ISVP), and Core Particle (C). The viral genome is shown in the top 
part of the gel with the three L segments and segments S3 and S4 not separated. The 
stmctural proteins present in each structure are resolved in the bottom half of the gel. 
B. Negative stain electron rnicroscopic preparations of the vinon and sub viral particles. 
C. Cryoelectron rnicroscopic reconstruction of the virion and sub viral particles. D. 
Cartoon illustrating the proposed Location of viral structural proteins and size of the 
virion. The illustration is provided courtesy of Dr. K.M. Coombs and adapted with 
addition of panel C, courtesy of Dr. K. Dryden. 





Table 1.1 Characteristics of reovirus cornolete and intermediate 
particleb 

Property Complete 
Core ISVP Virion 

bouyant uensity @/cma) 1.43 1.35 1.36 

Sedimentation Value (Sm) 470 630 730 
Diameter (nm) 

NS-TEM 50 65 75 
Electron Cryomicroscopy 60 80 85 

Outer Capsid Proteins 
X2 
plllc 
p l6/6 

Core Capsid Proteins 
A1  
A3 
82 
a2 

Genome 
ssRNA 
dsRNA 

In fec tive 
Tmnscnp tion Activity 

a 

+ 
Yes 

Partial 

a. Adapted from Nibert et al, 1996b. ND Not Done 
b. ~ l e & e  see text for references + Present 
* Not resolved in gel system - Not Present 
8 Initiation and Capping but no elongation 



that there may be a third dissassembly structure which is similar to the core particle but 

lacks the minor protein A2 (White and Zweerink, 1976; Yin et al. In submission). The 

genome is comprised of ten segments of double stranded RNA (Shatkin et al, 1968). 

Most gene segments are monocistronic, with at least one being bicistronic. Please see 

chapter 1, section 2.c, below, for further information about the genome. 

(1.) Core pariticle 

Stoichiomeîric analysis indicates that the complete core contains 120 copies of both major 

core proteins, A1 and 02 (Coombs et al, 1990; Coombs, 1998a), and 12 copies of the 

minor core protein A 3  (Coombs, 1998a; Dryden et al, 1993). In addition, the complete 

core contaùis 60 copies of the minor protein k2 and 21 copies of the rninor protein p2 

(Coombs, 1998a). The particle has a buoyant density of 1.43 g/cm3 in cesium chloride 

and sedimentation value of 470S2,, (Joklik, 1983). There is no discernable triangulation 

lattice structure (Klug and Caspar, 1960; Metcalf et al, 1991). The protein A2 forms a 

pentameric spike with a diameter of 18nm, which extends outward from the core for 

approximately 9nm. The spikes are located at the 12 apical vertices of the core (Dryden 

et al, 1993; Nibert et al. 1 996b). Electron cryomicroscopic evaluation indicates that the 

X2 pentamer dm has a centrai channel of approximately 8.4nm in core particles created 

in vitro (Dryden et al, 1993; Yeager et al, in preparation) as does low temperature, high 

resolution scanning electron microscopy (Centonze et al, 1995). The core has been 

identified as the transcriptionaily active structure, producing progeny mRNA from the 

genornic dsRNA (Chang and Zweerink, 1971)pable 1.1) 



(a.) &. 

The major core protein X1 is 1233 amino acids long and has a molecular mass of 137.4 

kDa for the prototype clone T3D (Bartlett and Joklik, 1988). It is encoded by the gene 

segment L3 (Ramig et al, 1983). The gene segment is 3896 nucleotides in length and 

contains one translated open reading frame (ORF) of 3699 nucleotides, extending from 

base 14 through base 3715, and leaving 5' and 3' untranslated regions of 13 and 181 

bases, respectively. There are an additional 3 possible ORFs coding for products of 75 

amino acids or more. However, there is no evidence that any of these other ORFs are 

translated (Table 1.2). The protein is slightly acidic and has a predicted alpha-helical 

content of approximately 24%. The amino terminus is very hydrophilic (Bartlett and 

loklik, 1988). Because XI can be radio-iodinated in assembled core structures it is 

hypothesized to reside at least partially on the outer surface of the core (White and 

Zweerink, 1976). The protein contains a nucleotide binding motif starting at residue 8, 

and a zinc finger motif starting at residue 194 (Schiff er al, 1988; Bartiett and Joklik, 

1988). The actual binding of dsRNA has been localized to the site at the amino terminus 

(Lemay and Danis, 1994). There is latent ATPase activity associated with this protein 

which is activated with the proteolytic processing associated with penetration and 

uncoating (Noble and Nibert, 1997a). It has been proposed as the catalytic site of 

transcription (Morgan and Kingsbury, 1981). While expressed A1 is incapable of self 

assembly, the protein can form a core like particle when CO-expressed with the other 

major core protein, a;! (Xu et al, 1993). 



Table 1.2 The @ne segments and ~roteins of reovirus T3D4 

Gene Segment -biTL- Amino Acid Copies per 
Segment Size @p) 5' 3' ORF Protein Residues Size (kDa) Virion 

L1 3854 18 35 380 1 A3 1267 142 12 
L2 39 16 13 36 3870 A2 1290 145 60 
L3 3896 13 184 3699 A l  1233 137 120 

M l  2304 13 83 2208 ~2 736 83 21 

M2 2203 29 50 2124 pl 708 76 600 
M3 2235 18 60 2157 Pris 719 80 O 
S 1 1416 12 39 1365 al 455 49 36 

75 435 360 alS 120 14 O 

S2 1331 18 59 1254 a2 418 47 120 

0. S3 1198 ' 27 73 1098 aNS 366 4 1 O 
Cd 11QA 17 A9 1WC ?AC - A l  

a. Please see text for references. 



fi*) & 

The major core protein R consists of 418 amino acids and has a molecular mass of 47 

kDa (Dermody et al, 1991; George ei al, 1987). It is encoded by the S2 gene segment 

(RamÎg et al, 1978). The gene segment, which is highly conservai across al1 three 

serotypes of reovinis, is 1329-1331 nucleotides in length (Cashdollar et al, 1982; Weiner 

et al, 1989; Dermody er al, 1991), with one translateci O W  extending from base 19 

through base 1275, leaving untranslated regions of approximately 18 and 57 nucleotides 

at the 5' and 3' ends, respectively (Dermody et al, 1991). There is no evidence that the 

two additionai ORFs coding potential polypeptides of 75 or more residues are translatecl 

(Table 1.2). Sequence analysis suggests IWO domains, an amino terminal domain 

spanning three-quarters of the protein, and a hydrophilic carboxy terminus. A 21 residue 

sequence starting at amino acid 354 has strong sirnilarity to portions of the B subunit for 

the DNA-dependent RNA polymerase of Escherichia cofi (Dermody ef al, 199 1). In 

view of its resistance to radio-iodination in core structures it has b e n  proposed that R 

resides on the inner face of the core (White and Zweerink, 1976). The protein has been 

associated with binding dsRNA (Schiff er al, 1988). The protein is incapable of 

assembly into recognizable structures when expressed alone, but will form a core like 

particle when CO-expressed with X 1 (Xu el al. 1993). 

( c a l  X2, 

The X2 protein is encoded by the single large ORF (Seliger er al, 1987) in the gene 

segment L2 (Mustoe et al, 1978). The gene segment is 3916 bases long and contains one 



translated ORF 3867 nucleotides in length, encoding 1289 arnino acids (Seliger et al, 

1987). Analysis with Lasergene's EditSeq program @NAS tar, Madison, WI) provides 

for a predicted molecular mass of 144 kDa (Table 1.2). There is no evidence for 

translation of the remaining four ORFs which encode polypeptides 70 or more residues 

long. X2 was identifieci as the protein which formed the distinctive core spike by partial 

disassernbly of core particles using high pH (White and Zweerink, 1976). Subsequently, 

cross linking studies indicated that the spike is a homopentamer (Ralph eî al, 1980). 

Antibodies to the A2 protein react with whole vinons and cores (Tyler et al, 1993). 

This, plus the extensive interactions observed between the pentameric spike and the outer 

shell proteins of the whole virion (Dryden et al, 1993) has raised question whether the 

A2 pentameric spike protein is, in fact, a core or outer shell protein (Nibert et al, 

1996b). It has been associated with guanylyltransferase activity (Cleveland et al, 1986) 

and predictive anaiysis of the sequence suggests methyl tramferase activity (Kwnin, 

1993; Seliger et al, 1987). Studies utiiizing expressed A2 proteins indicate that the 

protein binds GTP in the region localized to the lysine located at amino acid residue 226 

(Fausnaugh and Shatkin, 1990). When expressed alone, the A2 protein does not 

multimexize (Mao and JoWik, 199 1). When CO-expressed with the other core proteins h2 

does form multimers which associate with those other core proteins to form core like 

structures (Xu et al, 1993). These studies indicate that A2 requires the presence of other 

core proteins to form multirners. Monomenc A2 can mediate guanine transfer from GTP 

to 5'pp terminated RNA, producing the GpppG cap structure found with mRNAs. In 

rnonornenc form the protein does not synthesize the 5'pp terminated substrate needed to 



make the cap structure, nor does it demonstrate methyl tramferase activity, suggesting 

that these properties are the function of either the multimeic A2 pentamer or some other 

proteins in the transcription complex (Mao and Joklik, :991). Finally, studies involving 

cores from T1L x T3D reassortant clones have associated the L2 gene segment with the 

ability of T3D cores to fom crystals (Coornbs et al, 1990). 

(a.) w, 

The genetic sequence for the minor core protein A3 resides on the L1 gene segment 

(Ramg et al. 1978). The gene segment is 3854 nucleotides in length, with one large 

translated ORF extending from bases 25 through 3828, and coding for a protein of 1267 

amino acids with a predicted molecular mass of 142kDa. The sequences of the three 

serotypic prototypes are highly conserved (98.3% identity between TlL and T3D at the 

amino acid level) (Wiener and Joklik, 1989). There is no evidence that the other two 

ORFs coding polypeptides of 75 or more amino acids are translated (Table 1.2). The 

LI gene segment has been associated with determination of the pH optimum for 

transcriptase activity (Drayna and Fields, 1982a). Transcriptionally , the L 1 and M l  gene 

segments have been CO-associated with the total amount of transcnpt made during NI vitro 

transcription assay (Yin et al, 1996). The expressed protein has specific poly G 

polymerase activity but does not transcribe dsRNA to ssRNA, nor mRNA to negative 

sense ssRNA (Starnes and Joklik, 1993). Antibodies to A3 show that the protein is 

located in the host ce11 viral inclusions and is stable in the cytosol of the host cell. 

During denaturing with urea the protein remains associated with the core even after loss 

13 



of the genome and is only removed with the total denaniration of the core particle 

(Cashdollar, 1994). It has been hypothesized that the protein resides at the base of the 

X2 spike and acts as the catalytic site for viral transcriptase activity in conjunction with 

the A2 spike (Morgan and Kingsbury, 1981). This proposal is supported by the finding 

that antibodies to A3 do not CO-precipitate assembled structures nor radio-iodinated 

surface proteins, suggesting that the protein is located in the inner pnmary core 

(Cashdollar, 1994). Sequence analysis has suggested that A3 has motifs similar to those 

in the RNA dependent RNA polymerases (RDRP) of other RNA vimses, and is a major 

component of the reovirus transcriptase complex (Bruen, 199 1 ; Morozov, 1989). 

(e-) u2, 

The minor protein p2 has a molecular mass of 83 ma. The protein is encoded in the 

2304 nucleotide long (Weiner et al, 1989) M l  gene segment (Ramig et al, 1983) (Table 

1.2). There is a long ORF of 2208 nucleotides from base 14 to 222 1 which was 

proposed to encode the 82 protein (Wiener er a[, 1989). Later studies suggested that the 

protein was, in fact, the product of an initiation sequence 147 bases further down stream 

which is in weak Kozak sequence context (Roner er al, 1993). Subsequent work using 

expressed protein and deletion mutants have confirmed that the sequence is initiated h m  

the first AUG, which is in strong Kozak context (Zou and Brown, 1996a). Sequence 

analysis indicates that p2 has a higher a-helical content (36%) than the other inner capsid 

proteins. Studies involving high passage deletion mutants of Ml indicate that the signal 

for packaging resides in either the first 135 and/or the last 185 nucleotides of this gene 



segment (Zou and Brown, 1992). The gene segment has been associated with the 

temperature optimum of transcription during in vitro assay and CO-associated with the L1 

gene segment for controllhg the total production of transcnpt produced in virro (Yin et 

al, 1996). Mapping core protein ATPase activity indicates that p2 and hl interact 

collaterally (Noble and Nibert 1997b). S tudies involving the temperature-sensitive 

mutant rrHII.2 suggest that the protein p2 has a role in the viral dsRNA and protein 

production, without affecting virai ssRNA production (Coombs, 1996). A stably 

transfected ce11 line expressing the r2 protein is able to complement the ts mutant during 

culture at restrictive temperatures (Zou and Brown, 1996b). The protein has been 

hypothesized to determine tropism for cuitured mouse heart and bovine aortic endothelid 

cells (Matoba ef al, 199 1 ;  Matoba et al, 1993). Because the S 1 gene segment is also 

associated with dsRNA production, it has ben hypothesized that the actual cause of acute 

myocarditis associated with reovims is due tu Interferon (Ifn) induction by dsRNA rather 

than progeny virion synthesis (Sherry et al, 1996). 

(2.) Intermediate Subviral Particle. 

The intermediate, or infectious subviral particle (ISVP) (Figure 1.1, Table 1.1) is the 

infectious form of the virion which may be transporteci directly across the target cell 

cytoplasmic membrane. It is found naturally after passage through the upper 

gastrointestinal tract of host anirnals (Amerongen et al, 1994; Bass et al, 1990; Bodkin 

et al, 1989). and in target cells after attachent and uptake of whole virions (Borsa et 

al, 1979; Boisa et al, 1981; Chang and Zweerink, 1971). This intermediate may also 



be manufactured M vitro by limiteû proteolytic digestion of whole virions. (Shatkin and 

LaFiandra, 1972; Spendlove et al, 1965). The inhibition of infection by treatment with 

anisotropic agents in mice intestines (Bass et al, 1990) and ce11 cultures (Canning and 

Fields, 1983), and by the lysosomal protease inhibitor E64 in cultured cells (Baer and 

Dermody, 1997) provides further evidence that this particle is the infectious form which 

transports across the cellular membrane. The ISVP contains 600 copies of the outer 

capsid protein pl (Dryden et al, 1993, Coombs, 1998a). However, this protein is 

cleaved into the large, amino terminal fragment d/61c and the small carboxy terminai 

fragment 4 (Nibert et al, 199 lb). p 1 was originally reported to be present as di-sulfide 

linked dimers (Huismans and Joklik, 1976; Smith ei  al, 1969). More ment electron 

cryomicroscopy studies suggest that the protein actually exists as trimers in the outer 

capsid (Dryden et al, 1993). There are variable reports concerning the presence of the 

attachment protein al in the ISVP. Stoichiomeîric studies indicate that cl exists as 12 

homotrimers in the ISVP (Leone er al, 1992; Strong et al, 199 1). ISVPs manufactured 

from T1L show the presence of d as an extended fibre (Furlong er al, 1988; Nibert et 

al, 1991a). Serotype T3D al trimers may be proteolytically digested while those from 

TlL may not be (Yeung er al, 1989). The carboxy terminus, which contains a domain 

for attachment to sialic acid residues (Yeung et al, 1989) is lost from the virion when 

conversion to the ISVP intermediate occurs (Nibert et al, 1995). The ISVP has a 

buoyant density of 1.38g/cm3 in cesium chloride and has a sedimentation value of 630h 

(Joklik, 1983). 



(a.) al. 

cl contains the pnmary epitopes which determine the serotype-specific humoral response 

(Weiner and Fields, 1977). Therefore, it should not be surprising that the S 1  gene 

segment, which encodes this protein (Ramig et al, 1983) demonstrates the greatest degree 

of diversity in gene segment size, ORF, and protein encoded. The largest species is 

founcl with the T1L serotype, with a total size of 1462-3 nucleotides in length (Duncan 

et al, 1990: Munemitsu et al, 1986), has an open reading fiame of 1410 bases which 

encodes a protein which is 470 amino acids long. The S1 gene segment for T2J is 1440 

bases long and encodes a protein which is 462 amino acids long in an ORF of 1386 

nucleotides (Duncan et al, 1990). In contrast, the SI gene segment for T3D is 1416 

nucleotides long and encodes a protein of 455 amino acids in an ORF extending from 

nucleotide 13 through 1380 (Bassel-Duby et al, 1985). The protein has a molecular mass 

of 49 to 5 1 kDa (Leone el al, 199 Ib; Turner et al, 1992)(Table 1.2). The three S 1 gene 

segments have diverged extensively at al1 three codon positions, but still encode proteins 

which have functionaily retained function, shape and configuration (Duncan et al, 1990). 

There are two domains in the protein, a coiled coi1 structure at the amino terminus and 

a hydrophobie carboxy terminus which folds into a globula. head domain (Bassel-Duby 

et al, 1985). Studies with monoclonal antibodies suggested that the protein was 

associated with the apical vertices of the outer capsid (Hayes et al, 1981; Lee et al, 

198 1). Mortality studies utilizing rnonocIonal antibodies and severe, combined 

imrnunodeficient (SCID) mice further indicate that the protein resides in an apical 

cornplex cornprised of Q, X2, p2, and A3 (Haller ef al. 1995). Because the location of 



A2 is unequivocally associated with the apices (Dryden et al, 1993; Furlong et al, 1988), 

the association of crl with the A2 protein spike secures its location at the apices of the 

outer capsid. 

The cri amino terminus domain contains a senes of heptad repeats, which suggests 

coiled- coi1 structures (Bassal-Duby et al, 1985), interspersed with 8-sheets (Nibert et al, 

1990). Trimerization is a two part process (Lee and Leone, 1994). Trimerization of the 

amino terminal domains occurs cotranslationaily through an ATP independent mechanism 

(Gilmore et al, 1996) and adds stability to the attachment fibre (Leone ef al, 1991b). 

This domain contains an anchoring sequence of 32 amino acids commencing at residue 

3, which interacts with the X2 pentameric spike (Leone et al, 199 lc). Protease digestion 

studies suggest that interaction with the T3D outer capsid is in a 24kDa carboxy terminal 

segment of A2 (Luongo et al, 1997). The capability of reovirus to hemagglutinate red 

blood cells has been associated with interactions between a1 and sidic acid residues on 

the extracellular dornain of ceif ular plasmalemma proteins (Gentsch and Pacitti, 1985; 

Gentsch and Pacitti, 1987; Weiner et ai, 1978). Proteolytic cleavage of the T3D crl 

trimer reduces infectivity by this serotype by 10 fold. However, infection of target cells 

is still possible due to interactions with the retained amino terminus trimer and sialic acid 

residues on host ectodornain proteins (Nibert et al, 1995). Studies with revertants of 

mutant clones of T3D which recover the ability to bind sialic acid residues indicate that 

the 6-sheet segments of the coiled coi1 structure of the amino terminus further mediate 

interaction with target cells (Chappe11 er al, 1997). 



The carboxy terminus domain trimerizes p s t  translationally in an energy dependent 

fashion, requiring ATP. In addition, the chaperone heat shock protein HSP7O has been 

associated with the trimerization of the globular head for the attachment fibre (Leone et 

al, 1996). Proteolytic digestion studies and studies on expressed deletion mutants indicate 

that this domain is protease resistant, and that the intact amino acid sequence is required 

for proper head folding and formation of the ce11 binding domains in the globular head 

region (Duncan et al, 199 1 ; Leone et al, 199 la). 

Tropism to a large variety of cells and tissues has been associated with the S1 gene 

segment (Bodkin et ai, 1989; Tyler et al, 1986; Wilson et al, 1994; Wilson er al, 1996), 

and with induction of apoptosis in celi cultures by the T3D serotype (Rodgers ef al, 

1997; Tyler et al, 1995). The role al plays in attachrnent (Lee et al, 1981; Turner et 

al, 1992) may relate to the association of S1 as a determinant of tropism and apoptosis. 

The S1 gene segment has also been associated with an inhibition of host ce11 DNA 

synthesis (S harpe and Fields, 198 1). 

(b.1 nl. 

The major outer capsid protein p1 is encoded by the genome segment M2 (Mustoe et al, 

1978). Prototype clones of al1 three serotypes have segments with the identical length 

of 2203 bases (Table 1.2). There is one long ORF starting at nucleotide 30 and 

continuing to base 2156. There is no evidence for translation of the two other ORFs 

which code putative proteins greater than 75 amino acids in length. The degree of 



identity between the gene segments ranges from 77 to 85%. Because most mismatches 

are found in third base positions and do not cause changes in the amino acid sequence 

encoded, there is 97% identity at the amino acid level (Wiener and Joklik, 1988). 

The 76kDa p l  protein is 708 residues long and is myristoylated at the extreme amino 

terminus (Nibert er al, 1991b). The three serotypic p l  proteins are acidic, low in 

cysteine, histidine and methionine, and are rich in proline. The predicted [Y-helical 

content is 27% (Wiener and Joklik, 1988) . The protein is cleaved between residues 42 

and 43 to form the 4.2 kDa p1N and the 72 kDa plC fragments during assembly 

(Jayasuriya er al, 1988; Nibert el al, 1991b; Wiener and Joklik, 1988), both of which 

remain associated with the virion. Co-expression studies involving M2 and S4 indicate 

that the cleavage between residues 4233 is dependent upon the presence of the myristate 

side group at the amino terminus (Tillotson and Shatkin, 1992). The protein is also 

cleaved during proteolytic processing b y ch ymotrypsin and trypsin at residues 58 1 582 

and 584585, respectively. The cleavage foms the fragments 6 and 4, with molecular 

masses of 59-63 kDa and 13 kDa, respectively (Nibert et al, 1991b). This cleavage 

is similar to that seen in host ce11 compartments dunng the replicative cycle (Amerongen, 

et al, 1994; Bass et al, 1990; Borsa et al, 1981 .) 

The protein has been associated with virion uptake and transmembrane events (Lucia- 

Jandns, 1990; Lucia-Jandris et al, 1993; Nibert et al, 199 1 b; Nibert and Fields, 1992; 

Tosteson eî al, 1993). The gene segments for Tu and T3D have also been associated 



with interference with superinfection by T1L (Rozinov and Fields, 1994). This 

protective action occun between 8 and 10 hours post infection, a tirne window posited 

&O fdl between uncoating and synthesis of dsRNA (Rozinov and Fields, 1996). 

Resistance to inactivation by 33% ethanol by mutant clones of T3D has b e n  mapped to 

the M2 gene segment (Drayna and Fields, 198213; Hooper and Fields, 1996a; Wessner 

and Fields, 1993). Ethanol resistant mutants are not as effective as wild type T3D in 

mediating ' ' ~ r  release in cells (Hooper and Fields, 1996a). Monoclonal antibodies to 

the central region of the p1 transcript also block ' ' ~ r  release by cells infected with the 

T3D prototype clone (Hooper and Fields, W6b). Finally , the temperature sensitive 

mutant ta279 has been shown to have a blockade in transmembrane transport of 

restrictively assembled vinons (Hazelton and Coombs, 1995). These monoclonal 

antibody and mutant studies further suggest that the p l  protein has a role in the 

membrane:virion interactions of transmernbrane transport. 

Interactions between pl and the other major outer capsid protein 03 have been associated 

with a shift from translation control by pl  to assembly of progeny vinons (Shepard et 

al, 1995). Also, CO-precipitation studies indicate that these two major outer capsid 

proteins must interact in order for them to condense around the A2 pentarneric spike 

protein dunng the formation of the final progeny virion (Shing and Coombs, 1996). 

Finally, the M2 gene segment has also been associated with the induction of apoptosis 

by the prototype clones T3A and T3D (Rodgers et al, 1997; Tyler er al, 1996). 



(3.) Corndete virion. 

The complete virion is an asymmetric left handed icosahedron with tnangulation value 

of T= 13 (Kaustov et ai, 1987; Klug and Caspar, 1960). Imaging studies indicate that, 

in addition to the proteins seen in the intermediate structures, there are 600 copies of the 

major ouier capsid protein 03 in the complete virion (Dryden et al, 1993). Complete 

infectious particles have a buoyant density which ranges between 1.36 and 1.41 g/cm3 

in cesium chlonde, depending on the level of hydration, and a sedimentation value of 

730SZh. The density of genome deficient complete particles (Top Component) is 1.28- 

1.30 g/cm3 (Joklik, 1983)(Figure 1.1, Table 1.1). 

(a.) 3. 

The S4 gene segment which encodes the major outer capsid protein 03 (Ramig et al, 

1983), is 1196 nucleotides in length for each of the three serotype prototypic clones 

(Seliger et al, 1992). The protein is encoded in one long ORF commencing from 

nucleutide 33 and extending through nucleotide 1130 (Giantini et al, 1984; Seliger et al, 

1992)(TabIe 1.2). No other ORFs exist in the different proiotypic segments which could 

code proteins of 75 amino acids or more. The non translateci leader and trailer sequences 

are highly conserved between the three serotypes, and most mismatches which occur in 

the ORFs are in the third codon base position, resulting in 90% or better identity at the 

amino acid level (Seliger et al, 19%). 

The 365 amino acid long 03 proiein is a hydrophilic protein (Martin and McCrae, 1993) 



with a molecular mass of 41 kDa (Giantini et al, 1984). It may be removed from the 

vison by proteolytic digestion in vitro to form the Intermediate Subviral Particle (ISVP) 

(Borsa et al, 1979; Sturzenbecker et al, 1987). The protein has domains homologous to 

putative zinc binding (zinc finger), dsRNA binding (Schiff et al, 1988) and the picoma 

viral 3C protease (Mabrouk and Lemay, 1994). There are two nucleic acid binding 

domains resident in the carboxy terminus end, the most terminal of which is required for 

binding dsRNA, with charge being more important to binding capability than putative a- 

helical conformation (Wang et al, 1996). The zinc binding domain h a  been irnplicated 

in binding with the other major outer capsid protein, p l  (Shepard et al, 1996), an 

essential step in the condensation of the outer capsid to form a complete virion (Lee et 

al, 1981; Shing and Coombs, 1996). The putative 3C protease like domain is not 

necessary for the proteolytic conversion of pl to p lC and g l N  (Mabrouk and Lemay, 

1994). 

The 03 protein has been associated with host ce11 RNA synthesis inhibition (Sharpe and 

Fields, 1982) by binding with dsRNA, thereby preventing Ifn activation of the dsRNA 

activated Protein Kinase PKR (Imani and Jacobs, 1988), and subsequently blocking 

phosphorylation and activation of the host ce11 protein elF-la (Lloyd and Shatkin, 1992; 

Schmeckel eî al, 1997, Tillotson and Shatkin, 199 1). Co-expression of ~3 in cells which 

have been infected with vaccinia virus mutants defective for the Ifn resistance confemng 

E3L gene re-establishes Ifn resistance and allows growth by the mutant clones (Beattie 

et al, 1996). 



The S4 gene segment has also been associated with the establishment of persistent 

infections (Ahmed and Fields, 1982; Baer and Dermody, 1997; Dermody et al, 1993; 

WetzeI et al, 199%; Wilson er al, 1996). 

b. Nonstructural roteins. 

(le) ~ ! 4 .  

The M3 gene segment encodes two versions of the protein pNS, a complete product of 

approximately 80 kDa mass, and a truncated form, pNSC, with an estimated mass of 75 

kDa (Ramig et al, 1978; Wiener et al. 1989). The tnincated form is the result of 

translation initiation at a downstream, in frame start codon rather than the secondary 

product of post translational proteolytic processing (Wiener et al, 1989). The translated 

ORF is 2235 nucleotides long and encodes a protein of 719 amino acids. The 5' and 3' 

non translated regions are 18 and 60 nucleotides, respectively (Table 1.2). The protein 

encoded has a predicted structure with approximately 50% a-helices and similarities to 

myosin structure (Wiener et al, 1989). The protein has been reported to associate with 

the cytoskeleton of infected cells (Mora er al, 1987). pNS is associated with the 

replicase particles identified in infected cells, suggesting that the protein may have a role 

in secondary transcription or assembly of outer capsid (Morgan and Zweerink, 1975). 

No functional difference has been identified between the two forms of pNS (Nibert et al, 

l996b). 



The 1198 nucleotide long S3 gene segment (George et al, 1987; Richardson and 

Furuichi, 1983; Wiener and JokIik, 1987) encodes the non-structural protein UNS (Ramig 

et al, 1983). The single translatecf ORF is 1098 bases long and encodes a protein of 366 

amino acids with a predicted molecular mass of 4lkDa (Richardson and Furuichi, 

1983)uable 1.2). The three different serotypes code proteins with identity at the amino 

acid level which ranges between 86 and 97% and are very nch  (approximately 50%) in 

predicted a-helical secondary structure (Wiener and Joklik, 1987). The protein has been 

reported to bind ssRNA (Huismans and Joklik, 1976). 

(3.) ois. 

The non-structural protein ols is the 120 amino acid product of a 360 bases ORF within, 

and Frame shifted from, the large ol  ORF which is encoded in the S1 gene segment. 

The predicted molecular mass for the protein is 14kDa (Cemzzi and Shatkin, 1986; 

Jacobs and Samuel, 1985; Jacobs et al, 1985; Munemitsu ef al. 1986) (Table 1.2). 

Studies utilizing expressed 01s protein indicate that the protein has little effect on ceUs 

unless expressed in excess (Fajardo and Shatkin, 1990). It has recently b e n  shown that 

the protein is capable of eliciting an cytotoxic T lymphocyte response in mice (Hoffman 

er al, 1996). 

C. Genorne. 

The reovirus genome for T3D, the only serotype with a completely published genome, 

is 23,549 base pairs (Wiener et al, 1989) and is comprised of 10 segments; 3 L (large), 

3 M (medium) and 4 S (small) segments (Dunnebacke and Kleinschmidt, 1967; Watanabe 



and Graham, 1967; Shatkin et al, 1968) of double stranded RNA (Gomatos et al, 1962; 

Silverstein and Schur, 1970). With the exception of the bicistronic S 1 strand the segments 

are monocistronic (Ernst and Shatkin, 1985). The gene segments can be resolved on 10% 

polyacrylamide slab gels (Shatkin et al, 1968) and demonstrate unique migration rates 

associated with each serotype (Sharpe et al, 1978). The genome is packed into the core 

as a nematic liquid crystal, occupying a space estimated to be less than 48nm in diameter, 

with an average separation of 2.5 to 2.7nm between dsRNA helices (Dryden et al, 1993). 

The genome for rotavinis, another genus of the Reovirïdae which has 1 1 gene segments, 

has also been resolved by electron cryomicroscopy. In this mode1 the dsRNA forms a 

dodecahedral structure interacting with the inner layer of the inner capsid. Approximately 

25% of the rotavirus genome is ordered at the vertices and is packed around the 

pol ymerase enzyme corn plex located there. The rotavirus structure is conducive to 

movement of dsRNA through the enzyme complex during transcription (Lawton et al, 

1997; Prasad et al, 1996). 

To date only one strand of each gene segment has been shown to encode genetic 

information. These have been designated the positive strands. The 5' end of the positive 

strands are blocked by a rnethylated cap with the structure 'mG(5')ppp(5')0"pCpUp ... 

(Chow and Shatkin, 1975; Furuichi et al, 1975a; Furuichi et al, 1975b; Miura, et al, 

1974). The 3' termini of al1 positive strands end with the sequence . . .pUpCpApUpC3' 

(Danynkiewicz and Shatkin, 1980). The negative sense strands of the different gene 

segments are not capped. Their terminal sequences are also consensual, with the 5' 



sequence being 5'ppGpApUp ... and the 3' sequence being .. .p ApGpC3' (Chow and 

Shatkin, 1975, Darzynkiewicz and Shatkin, MO). 

The segmented genome and limited number of proteins employed by reovirus have made 

the agent a useful tool for evaluating eucaryotic regulation systems and have helped 

identify the cap structure of mRNA (Furnichi et al, 1975a; Fumichi et al, 1975b); the 

Kozak sequence, a preferred site for ribosome:mRNA interaction (Kozak and Shatkin, 

1976); and the differential ribosomal scanning rates and pausing during translation of 

nested signals (Doohan and Samuel, 1992; Doohan and Samuel, 1993). 

3. 4 

When host cells are infected with two different serotypes the gene segments may reassort 

to produce progeny virions with mixed gene complements (Figure 1.2)(Sharpe et al, 

1978), a phenornenon which may occur both in controlled situations involving tissue 

culture procedures (Sharpe et ul, 1978) and in natural settings (Chappe11 er al, 1994). 

Each viable progeny virion will contain only one copy of each gene segment, regardless 

of the parentage of that segment. While theory suggests that reassortment will be random, 

there is some evidence that some genes CO-assort (Nibert et al, 1996a). 

Gene segment reassortment may be utilized to sort large collections of clones with the 

same parentage and phenotype into classes where phenotype expression is on the same 

gene segment. This process, which is similar to complementation, is especially effective 
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Figure 1.2. Reassortant mapping of a temperature sensitive mutant.  
Representative electropherograrn of T 1 L (green), the temperature sensitive mutant 
tsC447 (purple), and 4 reassortant progeny from a mixed infection, two of which are 
wild type and two temperature sensitive. The S2 gene segment for rsC447 (red) 
contains the lesion responsible for expression of the phenotype. MI gene segments 
except the S2 segment are excluded from the clones expressing their parental 
phenotype between 1 and 3 tirnes as foliows: LI- 2/4; L2 - 1/4; L3 - 2/4; Ml  - 3/4; M.2 - 
1/4; M3 - 2/4; S1 - 1/4; S2 - 014; S3 - U4; and S4 - 24. 

*EOP is efficiency of plating, determined by dividing the titre of the clone at 39 
degrees C by the titre of the same clone at 32 degrees C. The expression of the 
temperature sensitive phenotype is demonstrated by a fa11 in titre of 10,000, or an EOP 
value of 0.0001 or Iess. 

** The S3 and S4 gene segments migrate differentially in 10% SDS-PAGE for the two 
serotypes, with the S4 segment of TlL migrating more slowly than the S3 gene 
segment, while the S3 gene segment of T3DltsC4-17 migrates more slowly than the S4 
gene segment. 



with conditionally lethai phenotypes. Mixed infections are prepared for sets of two clones 

and are cultureci under permissive conditions. The proportion of progeny expressing the 

wiId type phenotype is detemine. for each rnixed infection. This proportion is compared 

with the results from unmixed infections of the parental clones. Clones may be grouped 

as h a h g  phenotypic control on the same gene segment when the proportion of progeny 

expressing the phenotype is sirnilar in both parents and in the mixed infection. Where 

phenotype control resides on separate gene segments a significant proportion of progeny 

wiU be phenotypically wild type (Fields and Joklik, 1969). 

The use of individual progeny reassortant clones derived from mixed infections of 

serotypically diverse parental clones provides additional power to recombination 

evaluation. In this process clones frorn separate serotypic parents which have a defined 

phenotypic difference are CO-infecteci and progeny clones selected by dilution limitation. 

The electrophoretic pattern of gene segment migration is determined for each reassortant 

clone, as is the identifying phenotype. The gene segment associated with phenotype 

expression is determined by analyzing the reassortant panel to determine which gene or 

group of genes are associated with the phenotype under analysis. Reassortant mapping 

occurs where the electropherotype of one gene segment or group of segments in the panel, 

is equivalent to and uniquely associated with the parent which expresses that phenotype, 

and ail remaining gene segments are randomly assorted between the two parental clones 

(Hatelton and Coombs, 1995; Sharpe et al, 1978)(Figure 1.2). 



4. Life cycle of reovims. 

The first step in the life cycle occurs when the virion attaches to ce11 receptors via the 01 

trimeric attachment protein (Lee et al, 1981; Weiner et al, 1980)(Figure 1.3). The 

attachment process is not cold inhibited, with greater than 5096 of available virions 

adsorbed to the target ce11 in the first 15 minutes of attachment, whether at 4OC or at 

37OC (Dales and Gomatos, 1965; Silverstein and Dales, 1968). There appear to be two 

domains for attachment with host celi plasmalemmal extemal proteins, one in the globular 

head (Duncan et al, 1991; Leone et al, 1991a), and one in the B-sheet intervening 

segments of the amino terminal coiled-coi1 structure (Chappell er al, 1997). There appears 

to be non specific binding with siaiic acid residues in sugar side chains of external 

proteins (Gentsch and Hatfield, 1984; Gentsch and Pacitti, 1985; Gentsch and Pacitti, 

1987). This non-specific binding is associated with the interactions in the p-sheet 

intervening segments (Nibert et al, 1995; Chappell et al, 1997). More specific binding 

has been associated with the amino terminus of the Epidermal Growth Factor Receptor 

(EGFR) (Tang et al, 1993) and subsequently confirmed by studies where EGFR was 

transfected into two non-tropic ce11 lines which then became tropic targets (Strong et al, 

1993). Transfection studies utilizing the oncogene v-erb B indicate the protein product 

of this gene also confers tropisrn for reovirus infection through a proposed mechanism 

involving opportunistic utilization of an already activated signal transduction pathway. 

v-erb B has ligand independent, constitutive tyrosine kinase activity. Therefore, 

confmation that this protein accorded tropism was shown when the ~ansfected cells were 

treated with the tyrosine kinase inhibitor genistein and cellular susceptibility to the vins 





was lost (Strong and Lee, 1996). 

In cell culture systems, when the temperature is elevated above the melting temperature 

of the cytoplasmic membranes the attached virions are endocytosed via clathrin coated 

endosomes, with the first virions being endocytosed within 10 to 15 minutes (Silverstein 

and Daies, 1968; Lucia-Jandris, 1990; Spendlove et al, 1963). The endosomes fuse with 

Golgi transport vesicles containing proteolytic enzymes, the lumen is acidifieci, and the 

outer capsid proteins pl / lc, al and 03 are digested to produce ISVPs (Borsa et al, 198 1). 

Studies with lysosomotropic agents (Borsa, 1979; Canning and Fields, 1983; 

Sturzenbecker et al, 1989) and the lysosornai protease inhibitor E64 (Baer and Dermody, 

1997) indicate this is a critical step in infection. 

In the more natural setting of the intestinal tract vinons are exposed to reduced pH and 

various proteolytic processes which cleave the outer capsid proteins pl/ lc, 01 and 03 and 

create a true form of ISVP (Amerongen et al, 1994; Bass et al, 1990; Bodkin et al, 

1989). It is hypothesized that these particies are fransported across the mucosai tissue of 

the intestine and released into the submucosal tissue where the particles may then attach 

to M cells of the Peyer's patch and establish productive infections (Wolf et al, 1981). 

ISVPs may also be created in virro by treatrnent of vinons with either trypsin or 

chymotrypsin (Borsa et al, 1979; Nibert and Fields, 1992; Shatkin and LaFiandra, 1972; 

Spendlove et al, 1970; Spendlove and Schaffer, 1965). 



The actual mechanism of transport into the cytosol and uncoating rernains unclear. 

Studies involving both ''Cr release and patch clamp assays on artificial membranes 

indicate that the ISVP is capable of transport across membranes (Hooper and Fields, 

1996a; Tosteson et al, 1993 ). ISVPs have b e n  shown capable of transporting directiy 

across the cytoplasmic membrane and establishing productive infections (viropexis) (BOrsa 

et al, 1979). It is generally proposed that some intemediate of the intact structure 

transports across the membrane. However, one proposal is that the core like structure 

interacts with the membrane without transport into the cytosol, with viral mRNA 

production occumng outside the cytopiasmic cornpartment and collateral extrusion of the 

Wal mRNA into the cytosol (Sturzenbecker et al, 1987; Zarbl and Millward, 1983). 

The fate of the core particle inside the cytosol, and the ensuing replicative processes, are 

not weII understood (Schiff and Fields, 1990). Host cells have developed strong responses 

to dsRNA in the cytosol, giving credence to a mode1 in which the replication process 

occurs inside the protected dominion of the virion core (Jacobs and Langland, 1996; 

Zweerink et al, 1972). There is a prepnderance of supporting evidence. Reovinis 

dsRNA has not ben  isolateci from cells in the absence of viral proteins which would 

contribute to known viral stmctures (Schiff and Fields, 1990). It has  been demonstrated 

that the cornplete viral core particle contains al1 enzymatic activities necessary for 

replication (Chang and Zweerink, 1971). It was hypothesized that the virion transcribed 

mRNA inside the core in a conservative fashion (Bellamy and Joklik, 1967; Silverstein et 

al, 1970), extruding the 5' capped transcription product through the X2 spike either dunng 



or immediately following transcription (Morgan and Zweerink, 1975; S hatkin et al, 1983; 

Vaquez and Kleinschmidt, 1968). Visualization of transcribing viral particles by NS- 

TEM show apparent single stranded RNA extending from core particles (Bartlett et al, 

1974; Gillies et al, 1971; Yin et al, in submission). Recent electron cryomicroscopy of 

ûanscribing cores further show densities which are consistent with the passage of single 

strand RNA from the extemal end of the X2 pentamenc spike (Yeager et al, in 

preparation) . Similar densi ties have also been iden ti fied in trmscnptionally active 

rotavirus particles (Lawton et al, 1997). The rnechanisrn is also consistent with the mode1 

for conservative transcription of the genome. In this model parental genomic RNA 

remains in the virion core and the nascent viral ssRNA is extmded dunng transcription 

(Bellarny and JokIik, 1967; Silverstein et al, 1976). The different segments are 

transcnbed independently by core particles in v i n a ,  with the relative proportion of 

transcnpts being inversely proportionaI to the gene segment Iength (Spandidos et al, 

1976). 

As with transcribing core particles in vifro, the mRNA produced from the S4 gene 

segment is the most abundant viral mRNA found in the infected cell. The relative 

proportion of rnRNAs produced by the other gene segments in vivo differs from the in 

vitro experience. The relative proportions of transcnpts seen in cells, standardized to the 

S4 segment, are; S4 (1.0), M2 (0.7), S2 & S3 (OS), L2, L3, & M3 (0.25-0.3), S2 (0.05- 

0.1) and L1 &Ml (c0.01) (Gaillard and Joklik, 1985). The first mRNAs identifiai in 

infected cells are transcribed from the L3, M3, S3 and S4 gene segments &au et al, 



1975). A, the product of the S4 gene has b e n  shown to localim in and around the 

nucleus during the initial replicative stages (Yue and Shatkin, 1996). The proteins fiom 

three of these segments, pNS, GNS and 03, have b e n  shown to associate with ssRNA 

ear1y in the infectious cycle (Antczak and Joklik, 1992). 

A2 is added to the PNS, UNS and 03 complexes (Antczak and Joklik, 1992), and dsRNA 

transcription occurs in early replicase particles which are found soon after association of 

viral proteins with ssRNA (Acs et al, 197 1; Antczak and Joklik, 1992). The next particle 

identified is a complete replicase particle. This particle has a putative diameter of 

approximately 40nm and contains the proteins Al, X2, plllc, p2, cl, 02, and c3 (Morgan 

and Zweerink, 1975; Zweerink et al, 1976). The absence of the minor core structural 

protein A3 noted in this structure may be due to the relative proportion of the  protein and 

the fact that it CO-migrated with other proteins in the gel system used. 

The actual process of virion assembly occurs in perinuclear cyt~~plasmic inclusions, with 

progeny virions forming large paracrystaline arrays. These inclusions are not membrane 

bound (Fields et al, 1971). Progeny are released into the environment through lytic ce11 

death. Many of the assembly processes inside the host ceIl are poorly understood (Schiff 

and Fields, 1990). 

5. Genetic en~ineer in~  in reovirus. 

Reovirus is generally refractive to genetic engineering procedures. A system ha beei 



reportai which requires the addition of al1 ten gene segments, the in Mrro transIation 

product for al1 ssRNA species of the sarne serotype, and a helper virus. Usuaily the 

helper virus is a different serotype of remvirus (Ftoner et al, 1990). Recentiy a systern has 

been reported where this system was used to combine the M2 gene segment of the mutant 

tsA2Ol and the S2 gene segment from the mutant îsC447 to obtain a double mutant 

progeny (Roner et al, 1997). Whiie this systern shows promise, successful recovery of 

engineered progeny into which designed mutations have been introduced has not been 

reported. 

6. The Fields uanel of tem~erature sensitive mutants. 

Conditionaliy lethal phenotypes simplify the analysis of morphogenic processes. Two 

panels of temperature sensitive mutants were developed from the reovirus Type 3, 

Dearing strain in order to dissect the assembly pathways of eukaryotic viruses (Ikegarni 

and Gomatos, 1968; Fields and Joklik, 1969). The property of the segmented genome was 

utilized to sort one panel into recombination groups. The members of each group were 

postulated to contain lesions in common gene segments. 

prepared using two mutant clones, and the infections 

Briefly, rnixed infations were 

were incubated at permissive 

temperature. After incubation the cultures were harvested, the infectious titres of progeny 

vinons were determined at both the permissive and restrictive temperatures by standard 

plaque assay, and the following formula was used to determine the proportion of 

recombination: 

{[(Y ield A x B)R - (Yield A' + Yield BR)] + [Yield A x B)'} x 100; 

36 



where R was the infectious titre of progeny when titred at the restrictive temperature and 

P was the infectious titre of progeny when titred at the permissive temperature. 

Restrictive yields (the numerator) which were a relatively high proportion of the 

permissive yield (the denominator) suggested that the control of the ts phenotype for the 

two clones resided on separate gene segments, and that the gene segments from the two 

clones could recombine to produce a signifiant proportion of wild type (tsC) progeny. 

Restrictive yields which were significantly reduced from the permissive yields indicated 

that gene segments from the two clones could not recombine to produce a proportion of 

ts+ progeny. In this latter case the control of the ts phenotype for in the two clones 

resided on the sarne gene segment. (Fields and Joklik, 1969) (Table 1.3). During early 

studies it was detemined that one clone, tsG4.53 had been mis-classed. This clone 

became the prototype clone for a seventh recombination group (Cross and Fields, 1972). 

Some prototype mutants were selected and examined by thin section electron microscopy 

for the effect of their mutations on rnorphogenesis (Fields er al, 197 1). Purifie. fractions 

fiom cytoplasmic extracts have been evaluated by negative stain electron microscopy for 

the recombination groups C (Matsuhisa and Joklik, 1974), and B and G (Morgan and 

Zweerink, 1974; Danis et al, 1992). 

Prototype clones from the Fields panel were analyzed for protein (Fields et al, 1972; 

Cross and Fields, 1976b) and ssRNA and dsRNA synthesis (Cross and Fields, 1976a; 

Cross and Fields, 1976b). The clones were used to establish persistent infections (Ahmed 

and Graham, 1977) and to identify mechanisms of extragenic reversion (McPhillips and 



Table 1.3 Characteristics of the fields oanel of tem-perature sensitive mutants of reovims.& 

Reassa rtmen t Prototype Gene EOPt Morphology 

Group Mutants Segment Protein dsRNA p 

h2 

02 

A3 

UNS 

PNS 

a3 

$2 

X 1 

al, albNS 

Core Like 

Empty Outer Shell 

Empty Whole 

? 

Normal 

Care Like 

? 

? 

? 

- -- - 

# Adapted from Fields and Joklik, 1969; and Schiff and Fields, 1990. 

7 EOP: (Titre,J o (Titre32OC). 



Ramig, 1984 Ramig and Fields, 1977; Ramig et al, 1977; Ramig and Fields, 1979). 

Recent investigations with rsC447 revertants have identified point mutation back to 

parental nucleotide sequences at one mutation site in ten wild type phenotype (ts+) 

revertant clones studied (Coombs et al, 1994). There was a concomitant reversion in 

morphogenesis of the revertant clones at restrictive temperature (Coombs er al, 1994). 

Pseudorevertant clones were back crossed to wild type T3D and additional ts mutants 

identified. The rescued mutants were assayed against the onginal panel and prototype 

clones for recombination groups representing the remaining gene segments were identified 

(Ahmed et al, 1980a; Ahmed er al, 1980b; Ramig et al, 1983). Prototype clones from 

nine recombination groups were tested by reassortant analysis and the ts phenotype 

associated to the responsible gene segments (Mustoe et al, 1978; Ramig et al, 1978; 

b i g  et al, 1983). There has been no further characterization of the rescued 

pseudorevertanü. 

Reassortant analysis of revertant clones generated from tsC447 revealed a spontaneous 

temperature sensitive mutation in the TlL M l  gene segment of a reassortant progeny 

clone, tsHI1.2. Due to it's reassortant electropherotype this clone is perhaps not a true 

member of the Fields panel. Characterization of this clone has indicated that, while it 

produces ssRNA and normal levels of protein at early time points, it is defective for 

dsRNA and viral protein production at later time points (Coombs, 1996). There has b e n  

no fûrther characterization of this clone. For a more complete review of the temperature 



sensitive mutants of reovirus please see Coombs, 1998b. 

7. Evaluation of viral assernblv. 

The electron microscope has been a valuable tool for the examination of viral structure 

and assembly processes (Harrison, 1990). The use of thin section electron microscopy 

ailows observation of the interactions which occur during morphogenesis. Unfortunately 

section thickness and stain granularity limits the resolution of this method to between 5 

and 7.5nm. Negative stain electron microscopy provides better resolving power, 

achieving levels of less than 2nm under ideal conditions. However, while negative stain 

electron microscopy allows resolution of isolated or extended proteins or nucleic acids, 

the procedure is limited since upper and lower surface structures may be visualized at the 

sarne time (Hayat and Miller, 1990; Miller, 1995) 

As stated in Chapter 1.1, recent studies involving either X-ray crystallography or electron 

cryomicroscopy have provided valuable insight into the overall structure and putative 

protein interactions for a number of viruses at the macromolecular level. (For examples 

see: Hogle et al, 1985; Paredes et al; 1993, Rossmann er al; 1985). Most studies have 

focused upon complete virions, a limited number of naturally occumng subviral particles, 

and the products of digestion and disassembly processes to create subviral components 

(Dryden er al., 1993; Luongo et al, 1997; Yeager et al, 1994); reassortant viruses (Shaw 

et al., 1993); or capsids assembled from expressed proteins (Montrose et al, 199 1 ;  Hewat 

et al., 1992). Recent electron cryomicroscope studies have visualized the extmding 



nascent virai ssRNA from transcnptionally active reovirions and the related rotavirions 

(Lawton et al, 1997; Yeager er al, in press). X-ray diffraction studies show the 

interactions between structures on an atornic level. However, the need for crystalline 

aggregates of biological units has restricted investigation by this technique to simple 

protein systems ranging from single proteins to small viruses. More complicated 

structures, such as the different reovirus structures, exceed the current limitations of X 

Ray diffraction (Coombs es al, 1990; Dryden et al, 1993). These structures are limited 

to examination by the relatively lower resolution of electron cryornicroscopy (Hamison 

et al, 1996). 

While X Ray diffraction and electron cryomicroscopic studies show complete stnictures 

and some assembly intermediate structures, and permit the localization of some proteins, 

they do not show the processes and interactions involved in viral assembly. The existence 

of conditionally lethal, assembly defective mutants is a powerful tool for dissection of 

viral assembly . 

The success in using conditionally iethal amber mutations of bacteriophage mutants to 

deduce procaryotic virus assembly pathways (Fane and King, 1987; Fane et al., 1991; 

Gordon and King, 1993) suggests that the conditionally lethal reovirus ts mutants from the 

Fields panel may be elegant tools for delineating the assembly pathways of a eucaryotic 

virus. The recombination groups which were obtained from rescued pseudorevertants 

have not been characterized (recombination groups H, 1, and J: representing gene 



segments M 1, L3, and S 1; and proteins p2, h l ,  and ol, respectively). Further, no 

morphological variants have been demonstrated for recombination groups A (gene segment 

M2, protein pl) nor E (gene segment S3, protein M). With the exception of the non 

structural protein UNS these recombination groups represen t structural entities whose 

disruption or faulty folding could interfere with assembly (Figure 1.4). The initial goal 

of this study was to characterize recombination groups A, E, H, 1, and J from the Fields 

panel and investigate the possibIe roles of the proteins involved in viral morphogenesis. 

Once this initial characterization was completed, the double mutant clone tsA279, which 

demonstrates multiple ts lesions and mechanisms for their expression, became the subject 

of more complete characterization. 



Figure 1.4 The poteins of the uncharacterized ts mutant recombination moum 
of reovims. 

Viral structural proteins identified for charactenzation are from reassortment groups A, 
Major outer capsid protein pl; H, minor core protein p2; I major core protein XI;  and 
J, minor outer capsid (attachrnent) protein u l .Non structural proteins are represented by 
reassortment groups E, pNS, and J ,  ulS. Illustration adapted from Figure 1 . 1 .  



CHAPTER 2 

Materials and Methods 

1. Solutions and media. 

L929 ceiis are a transformed mouse connective tissue ce11 line (Earle, 1943) (ATCC CCL 

1) which has reverse transcriptase activity and expresses type A retrovirus particles. 

Joklik's modified minimum essential medium (S-MEM) and Medium 199 were purchased 

from Gibco BRL (Gaithersbug, MD) and were prepared in accordance with the 

manufacturer's instructions as lx and 2x solutions, respectively, with sterilization by 

Ntration through 0 . 2 ~  pore membranes. Phosphate free S-MEM was made in 

accordance with the S-MEM formulation provided by Gibco BRL, with 5% the 

prescnbed arnount of monobasic Sodium Phosphate and stenlized as mentioned above. 

Fetai Calf Serum (FCS) was obtained from Intergen (Purchase, NY) and 

agarnmaglobulin-neonate bovine semm VSP (VSP) was supplied by Biocell Laboratones, 

Inc. (Carson, CA). 32~0," organophosphate (1 mCi/ml and ZmCiIml), 3 2 ~ - ~ T P  

(10mCilml) and 35~-~ethionine:Cysteine (7.9mCilml) were obtained from New England 

Nuclear (DuPont, Wilmington, DE). Electrophoresis quality reagents for Sodium 

Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) were obtained from 

Bio-Rad (Richmond, VA) and Boerhinger Mannheim (Indianapolis, IN). Polyclonal 

rabbit anti-whole reovirus T3D and anti-reovirus T3D R and A1 proteins were prepared 

by National Diagnostic Labs (Dugald, MB) and rhodamine and horseradish peroxidase 

conjugated goat anti-rabbit Immunoglobulin G was obtained from Chemicon (Temecula, 



CA). Electron Microscopy reagents and media were obtained exclusively from Electron 

Microscope Sciences (EM Sciences, Fort Washington, PA.) except where othenvise 

noted. AU other chernicals were routinely purchased from Sigma Chernical Company 

(Saint Louis, MO) and Fisher Scientific (Fair Lawn, N.J.). AU reagents were initiaily 

prepared in fresh glas redistilled water, and latterly in reverse osmosis punfied water 

which was then glass distilled. Al1 solutions were passed through 0 . 2 ~ M  pore filters to 

sterilize the reagents and remove particulate matenal. Abbreviations are provided in the 

List of Abbreviations and solutions are listed in Appendix A. 

2. Cells and viruses. 

a. Stock cells and viruses. 

Mouse L929 celIs and reovinis Type 1 Lang CIL), Type 3 Dearing (T3D) and 

temperature sensitive (1s) mutant clones denved from reovirus T3D representing 

recombination groups A (gene segment M2, pl protein, clones tsAZOI, tsA279, 

tsA32P. rII 7 and tsA340), B (gene segment L2, h2 protein, clones tsB271, tsB352. and 

tsB405. F.54, C (gene segment S2, 02 protein, clone tsC447), D (gene segment L1, 

protein U, clone tsD357. F23, E (gene segment S3, oNS protein, clone tsE32O), F 

(reputed gene segment M3, pNS protein, clone tsF556) G (gene segment S4, protein a3, 

clone tsG453c), H (gene segment M l ,  p2 protein, clone rsH26/8), 1 (gene segment L3, 

hl protein, clone tsIl38), and J (gene segment S 1, 01 and alS proteins, clone tdl28) 

are laboratory stocks which were kindly provided by the late Dr. B. N. Fields (Table 

2.1) 



Table 2.1 Stock clones of the Fields  ane el of temperature sensitive mutants of 
reovir~s .~  

Recombination Gene Source of 
Group Segment Protein Clones Isolation Referenceb 

A MZ P I  tsA2Ol Protlavin l-ields and Joklik, 
tsA2 79 Proflavin 
rsA329. r117 Nitrous Acid 
tsA340 Nitrous Acid 

tsB2 71 Proflavin 
rsB352 Nitrous Acid 
tsB405 Nitrous Acid 

rsC447 Nitrosoguanidine 

tsD.357~25 NitrousAcid 

tsE320 Nitrous Acid 

tsF556 Nitrosoguanidine 

tsG4.53 Nitrous Acid 

rsH26/8 Rescued Pseudorev. 

ts1138 Rescued Pseudorev. 

td128 Rescued Pseudorev. 

Fields and Joklik, 1969 
Fields and Joklik, 1969 
Fields and Joklik, 1969 

FieIds and Joklik, 1969 
Fields and Joklik, 1%9 
Fields and Joklik, 1969 

Fields and Joiciik, 1969 

Fields and Joklik, 1969 

Fields and JokIik, 1969 

FieIds and Joklik, 1969 

Fields and Joklik, 1969, 
Cross and Fields, 1977 

Ahmed et al, 1980b 

Ramig and Fields, 1979 

Ramig and Fields, 1979 

a. Laboratory stocks kindly provided by the laie Dr. Bernard N. Fields. 
b. Original report of isolation. 
c. Classification changed from recombination group B. 



b. Culture and maintenance of stock celIs. 

L929 cells were routinely maintaineci in suspension culture as 5Wml volumes in 1 Iitre 

Florence flasks. Cell concentrations were determined daily by direct count using a 

haernocytorneter, and the cells were diluted to a concentration of 5xl0'cells/ml by 

removing stock ce11 suspension and replenishing the volume with fresh MEM 

supplemented with 2.5 % FCS, 2.5 % VSP, and 2mM Glutamine (supplemented S-MEM). 

Monolayers were prepared by inoculation into indicated flasks or dishes with ceUs at a 

concentration of 4.0xlV ceils/ml and the cells allowed to attach and grow to near 

confluence overnight at 37OC in 5 % CQ controlled atmosphere incubators. The volume 

seeded was 2.5mVwell in 6 weU plates, 5.0ml/P60 or T25 culture vessel, 12.5mUP100 

culture dish, 15mVT75 culture flask, and 30mYP150 culture flask. Where necessary, 

ceUs were detached by washing monolayers twice with fresh, sterile Phosphate B u f f d  

Saline (PBS) followed by incubation for 5 minutes in PBS containing 0.05rnM EDTA 

at 37OC. Stock cells were routinely maintained in the absence of antibiotics. 

c. Plaaue assav of virus stocks. 

Plaque assays were conducted as previously described (Fields and Joklik, 1969). Briefly, 

sequential 10-fold dilutions of virus stocks were prepared in gellsaline. Near-confluent 

L929 monolayers were infecteci with aliquots of sequentially diluted stock viral 

preparations after withdrawing the overlaying supplemented S-MEM. After attachment 

for lhr at either 4OC or 20°C the infections were overlayed with fresh Medium 199 in 

1% agar and supplemented with 1.25%FCS, 1.25% VSP, 2mM Glutamine, lOOU 



penicillinlmi, 10OPg strep tom ycin su1 fatdm1 and 1 pg amphotericin Blml (agari medium 

199). The infections were incubated at the temperatures and for the times indicated. 

Infections were fed by overlaying fresh agarf medium 199 between 12 and 24 hours pnor 

to the mid point of the incubation, and were overlayed initially with medium 199 in 1 % 

agar containing 0.004 % filtered neutral red stain (neutral red staining overlayment) 

between 12 and 24 hours pr-ior to the termination of the incubation. In later experiments 

PBS was substituted for medium 199 in the neutral red staining overlayment. 

d. Plaaue ~urification of virus stocks. 

Virus stocks were plaque purified by standard plaque assay as above with the following 

modifications. After attachrnent of virus for 1 hour at 32OC excess inoculum was 

withdrawn, and the monolayers were overlayed with agadmedium 199 and incubated at 

32OC. After staining with neutrai red staining overlayment individual plaques which 

were separated by at least 0.5 cm were identified and plugs of overlayment which 

containeci clona1 progeny virions from the plaques were collected in sterile pasteur 

pipettes. The plugs were placed in supplernented S-MEM and virus allowed to diffuse 

fiom the plugs. 

e. Am~iification of isolated ~Iaaues. 

Selected clones were amplified through first passage (Pl) on monolayers in T25 tissue 

culture flasks. After adsorption with infecting virus as in section 2.2.c, above, the 

monolayers were overlayed with supplemented S-MEM and cultured at 32OC until 2 



75% of the cells demonstrated cytopathic effects (CPE) unless otherwise indicated. Viral 

lysate stocks were created by subjecting cultures to three cycles of frewing to -80°C 

followed by slow thawing to room temperature (freezdthaw cycles). Selected clones 

were amplified through subsequent passages on L929 cells as indicated. Experimental 

procedures were performed using second passage amplifications (P2) unless otherwise 

no ted . 

f. Virus titrations. identification of ex~ression of tem~erature sensitivitv, 

and effîciencv of plating EOPl determinations. 

Parallel L929 monolayers in 6-well cluster dishes were infected with sequential 10-fold 

dilutions of viral lysate stocks as described in 2.2.c, above (Fields and Joklik, 1969; 

Sharpe et al, 1978; Hazelton and Coombs, 1995). Attachment was performed at 4OC 

and the infections were incubated at 32OC (permissive temperature) and at 0.5' 

incrernents from 37OC through 40.S°C (restrictive temperatures) as indicated. Incubation 

temperatures were monitored using immersion mercury thermometers and fluctuations 

of less than 0.2S°C were confirmed by using a Fluke Mode1 52 recording themocouple 

probe (J. Fluke Mfg. Co., Inc., Everett, WASH) (Hazelton and Coornbs, 19%). The 

infectious titre for each virus stock was determined by the relationship: 

{Iplaques in the infection]x[volume inoculum (in ml)]} + {dilution factor of inoculum}, 

with the result expressed in plaque forming units/ml (PFUlml). Efficiency of plating 

@OP) values for each temperature were determined by dividing the infectious titre for 



the clone at the indicated restrictive temperature by the infectious titre for the parallel 

infection of that clone at 32OC (Fields and Joklik, 1969). EOP values r 0.05 of the 

EOP value for parallel control T3D cultures were considered temperature sensitive (ts) 

while EOP values :, 0.1 of the EOP values for the parallel control T3D cultures were 

considered wild type (&+) (Hazelton and Cwmbs, 19%). 

g. Generation of TIC x t s  reassortants. 

Mixed infections and ail subsequent plaque purifications and amplifications of candidate 

reassortant clones were incubated at 32OC to ensure there was no selection against either 

îs or ts+ progeny. L929 ce11 monolayers were CO-infecteci with T1L and either t.sA201, 

tsA279, tsB40.5. tsE320, tsH26/8, ts1138, or rd128 at a multiplicity of infection (MOI) 

of 5 PFU of each clone per ce11 (total MOI = 10 PFUlcell). Infections were incubated 

for 33 hours to generate reassortants (approximately one replicative cycle at 32OC). 

Virai lysates were prepared by three freeze/thaw cycles, candidate rassortant clones 

isolated by plaque purification, and placed in supplemented S-MEM (Chapter 2.2.c, 

above). L929 cells in suspension were added to each plaque suspension and the cells and 

inoculum cultured between 3 and 7 days to obtain Pl stocks. 

h. Sus~ension cultures of ts clones and T3D control infections. 

L929 ce11 pellets were suspended in supplemented S-MEM containing stock P2 lysates 

of either T3D or the selected ts clone at an MOI of 5 PFUkell. Virus was allowed to 

amch for one hour at 4OC. After attachment the cells were diluted into pre-warmed, 



supplemented S-MEM and were incubated in suspension culture at either 32OC. 3g°C, 

39S0C, or 40°C. Aliquots were taken from each culture at various times p s t  

attachment and treated as follows: 

(1.) Frozen for later titration for yield of infectious virus. Titration was 

done by plaque assay at 32OC (Chapter 2.2.9; 

(2.) The proportion of viable cells determined by trypan blue stain exclusion; 

and 

(3 .) Combined directly with fieshly purified 50 % aqueous glutaraldehyde 

(final concentration glutaraldehyde = 2 %), fixed, and stored at 4OC for 

later processing for thin section transmission electron microscopy (TS-  

TEM). 

3. Zsolation of viral RNA and eiectro~herot~~ine of viral stocks. 

a. Pre~aration of cytodasrnic extracts 

Cytoplasmic extracts were prepared from P3 stocks as described (Sherry and Fields, 

1989; Hazelton and Coombs, 1995). Bnefly, L929 monolayers were infected with P2 

stocks of individual reassortant clones. Infections were harvested by scraping the 

monolayer fiorn the surface of the infection vesse1 when they demonstrated 2 75 5% CPE. 

Infections which showed no CPE were harvested after seven days culture. The ceUs 

were pelleted by centrifugation, the pellet lysed with Nonidet P-40, the nuclei and 

cellular organelles removed by centrifugation, and the cytosolic fractions were extracted 

with phenol/chloroform. The dsRNA was precipitated at -20°C in ethanol with sodium 



acetate, resuspended in electrophoresis sample buffer (Laernmli, 1970), and stored at - 

20°C until subjected to electrophoresis. 

b. Identification of reassortant Drogenv clones by sodium dodecvl sulfate - 
poIvacrvlamide ?el ekctro~horesis. 

Gene segments of candidate reassortant clones were resolved by sodium dodecyl suffate- 

polyacrylamide gel electrophoresis (SDS-PAGE) with 10 % polyacrylamide slab gels 

(16.0 x 16.0 x 0.15cm) (Laemmli, 1970) at 18mA per slab for 45 hours. The gels were 

stained with ethidium bromide, and dsRNA visualized and photographed under ultraviolet 

irradiation. Electropherograms were recorded on Polaroid positive print film and 

Polaroid positivehegative print film. Gene segment identities were determined for each 

candidate clone from their electrophoretic mobilities and reassortant clones identifieci as 

descnbed (Mustoe et al, 1978; Ramig er al, 1978; Sharpe et al, 1978; Hazelton and 

Coornbs, 1995; Coornbs et al, 1996). 

4. EIectron microsco~v. 

a. Thin section transmission electron rnicrosco~v. 

AU fixation and buffer washing steps were carried out at 4OC, buffer wash steps were 

for 10 minutes each, and the pelleting of ceU suspensions was done at approximately 

lOOOxg for 10 minutes. Fixed cells were pelleted and washed three times in lOOmM 

sodium cacodylate, lOmM magnesium chlonde, pH 7.4 (SC-Mg Buffer), post fixed in 

1 % osmium tetroxide in SC-Mg buffer, washed two times in fresh SC-Mg buffer, and 



resuspended in low melting point agarose at 30°C (Yuan and Gulyas, 1981). The 

agarosekell blocks were diced and dehydrated through a graded series of acetone, 

infiltrated, and embedded in medium DER 332-732 with a hard plastic composition 

(Hayat, 1985). Silver sections were cut on a diamond knife (Microstar, Huntsville, 

Texas) using an LKB Ultratome III ultmnicrotome (Lm, Upsalla), mounted on uncoated 

copper grids (Maravac , Ltd, Halifax, NS) , s tained with ethanolic uranyl acetate, followed 

by lead citrate in 0.1M Sodium Hydroxide (Stempek and Ward, 1964; Venable and 

Coggeshell, 1965), and viewed at machine magnifications ranging from 4,500 to 

100,000~ in a Philips mode1 201 Electron Microscope (Philips Electron Optics, 

Eindhoven, Netherlands) at an acceleration voltage of 60KeV. Images were recorded on 

Kodak Direct Release Positive film 5302 (Kodak, Toronto, Ontario) and were pnnted on 

Kodak Polycontrast III paper using a Kodak Ektomatic print processing system. 

b. Neeative stain transmission electron rnicrosco~v (NS-TEML 

(1.) Determination of ideal stainine conditions. 

A panel of negative stains were tested both separately and in combination, and under 

different conditions in order to determine the best conditions for staining reovirus as 

previously describeci (Hazelton and Hammond, 1983). Blind review indicated fhat 2.5 

m M  Phosphotungstic Acid, pH 7.0 (PTA) provided the best overall staining medium. 

(2.) Pre~aration and evaluation of cultures. 

Monolayers were infecteci with TIL, T3D, îsA279, tsE320, or îsIl38 at MOIS of either 



5 or 50 PFUkell, allowed to attach, and incubated at permissive and restrictive 

temperatures for either 36 or 72 houn. In addition, TIL x isA279 reassortant clones 

LA279.08, LA279.10, LA279.11, LA279.15, LA279.56, and LA279.76 were cultured 

at 40°C for 72 hours. The isolation and identity of these reassortant clones is discussed 

in Chapter 4, and their examination is discussed in Chapter 6. After three freezdthaw 

cycles the crude ce11 debris was cleared by centrifugation as descnbed (Hammond et al, 

1981), and viral and subviral particles separated from tissue culture debris by pelleting 

the cleared lysates through 30% potassium tartrate cushions, pH 7.2, in an Airfugea 

(Beckrnan Instruments, Pa10 Alto, C) (A100 Rotor, 26psi, 1 hour). Pellets were 

resuspended in 0.1% glutaraldehyde in S-MEM, pH 7.2, fixed, viral matenals 

centrifugai directly to carbon stabilized 400 mesh grids (Beckman Airfugeg, EM-90 

Rotor, 26psi, 30 minutes) as previously described (Hammond et al, 1981), and stained 

with PTA. Samples were viewed and photographed at machine magnifications of 

30,000~ and 70,000~ as described above. The relative proportion and type of particles 

produced in each infection was determined by directly counting the total number of 

particles in each of five randomly selected, non adjacent grid squares from the four outer 

quadrants and the central portion of the gnd (Hammond et al, 1981, Hazelton and 

Coombs, in preparation). The infectious titer of each infection was determined as 

described (C hapter 2.2. f, above). 

c. Immunoelectron microsco~v (IEM). 

(1.) fietlaration of colloidal eold sus~ensions. 



Gold probes were prepared from chloroauric acid by reduction with aleppo nutgall tannin 

(MalIinckrodt Chemicals) and filterd as describeci (Slot and Geuze, 1985). 

(2.) o f i c a t i o n  Pr tein A ffini of Irnmunoelobulin fraction 

Hypenmmune whole rabbit anti-sera were preabsorbed against L929 monolayers. 

Immunoglobulin fiaction G (IgG) fractions were prepared using a protein Axpharose 

affinity column as described (Peeling ei al, 1984). Briefly, heat inactivated antiserurn 

was passed through a bed of protein A:sepharose (Sigma Chernical Co., St. Louis), 

washed with 50mM Tris, pH 8.0, 150rnM sodium chloride (Running Buffer) and bound 

IgG was eluted directly into 0.5M Phosphate Buffer, pH 8.0 with LOOmM sodium 

acetate, pH 4.0, 150mM sodium chlonde (Elution Buffer). Ultraviolet absorbance at 

A280 was determined and peak fractions pooled. The pooled fractions were dialyzed 

against 2mM sodium borate, pH 8.0, concentrated with a Minicon B-15 Concentrator 

(MiIlipore, Bedford, MA), ultraviolet absorbance measured at A280, and the 

concentration of protein determined. 

(3.) Adsor~tion isotherm assav to determine correct concentration of 

protein reauired to stabilize gold probe. 

The concentration of IgG needed to stabilize the gold probe was determined by 

adsorption isotherm assay essentiaily as describeci (Geoghagen and Ackerman, 1977). 

Briefly, antibody in 2mM sodium borate was combined with gold probe at pH 8.0 and 



incubated at rwm temperature. Sterile, filtered 10 % sodium chloride was added and the 

absorbance measured at M20. The concentration of IgG required to stabilize the aliquot 

of gold was determinecl as that concentration preceding a change of absohance of greater 

than 10%. To ensure sufficient protein for cornplete conjugation the concentration 

calculated in the adsorption isotherm was doubled for the conjugation step (Geoghagen 

and Ackerman, 1977; Horisberger, 1989; Lucocq and Baschong, 1986; Vreeswijk et al, 

1988). 

(4.) Coniueation of colloidal eold and  rotei in. 

Except where othenvise indicated dl conjugation steps were conducted at 20°C. Bnefly, 

10 parts gold probe, pH 8.0, was combined with the required amount of IgG in 4 parts 

sterile, filtered, glas redistilled water. After incubating for 5 minutes, Carbowax M20 

(polyethylene glycol M W 2 0 , 0 ,  Sigma, Saint Louis, MO) was added to the reaction and 

it was ailowed to stabilize. 1gG:Gold was sedimented by centrifugation. The soft pellet 

was resuspended in 200mM Tris base, pH 8.0, 150mM sodium chloride, 0.05% 

Carbowax M20, 10% glycerol, (Stabilizing Buffer l), and sonicated for 5 seconds with 

a Vibra Ce11 sonicator mini probe (Branson, Danbury, CONN) at 10% duty cycle, 35% 

output, to disnipt loose aggregates. The conjugates were washed 2 times by repelleting 

the go1d:IgG conjugates, the soft pellet was resuspended in Stabilizing Buffer 1 with 

0.2% (wtfvol) low bloom gelatin (Sigma, Saint Louis)(Stabilization Buffer 2)(Behnke er 

al, 1986). and sonicated as described. 



(5.) Immunogold labefin~ of viral ~roduct.  

Viral lysates from permissive and restrictive temperahire cultures prepared at an MOI 

of 5 PFU/ml were prepared, cleared through 30% potassium tartrate, pH 7.2, and 

pelieted directly to 400 mesh formvar-carbon nickel Hex grids. The grids were washed 

by floating on drops of S-MEM, pH 8.0, buffered with N-2-hydroxyethylpiperizine-N-2- 

ethanesulfonic Acid (HEPES buffered S-MEM), pH 8.0, followed by HEPES buffered 

S-MEM with 1% bovine serum albumin (BSA), and then fioated on a drop of 

Stabilization Buffer 2. The gnds were immune reacted with the go1d:IgG probes by 

incubation on 5pl aliquots of IgG labeled gold probes at 20°C for 30 minutes in a humid 

chamber. The gnds were washed with successive changes of lOmM Phosphate Buffer, 

pH 8.0, 750mM sodium chlonde (Gold-PBS) and the 1gG:gold immune complexes were 

stabilized by floating the grids on a drop of fresh 0.1 % glutaraldehyde in Gold-PBS. 

The grids were then washed bnefiy on 3 drops of Gold-PBS and stained with PTA. The 

samples were evaluated and photographed as described above. 

5. Immunofluorescent Microscop~ 

lmmunofi uorescent microscopy (IF) was performed essentially as described (Fields et al, 

1971; Hazelton and Coombs, 1995; Illa et al, 199 1). Briefly, cells grown on glas 

coverslips were infected with virus (T3D or the selected rs clone) at an MOI of 10 

PFUfcell. After attach ment at 4 OC the infections were overlayed with pre-warmed, 

supplemented MEM and incubated at either 32OC or 40°C. Parallel infections were 

removed at set intervals, washed briefly in cold PBS that contained 1 % BSA (PBS-BSA) 



and fixed at -20°C with freshly prepared acetone: methanol(1: 1). A fter further washing 

in cold PM-BSA, nonspecific reactivity was blockeci by incubation in PBS-BSA with 5% 

FCS (Blocking Buffer). The samples were incubated in a humid chamber in blocking 

buffer that contained preabsorbed 2% rabbit polyclonal anti-reovirus T3D antisera 

(pnmary antibody), washed in PBS-BS A and developed with rhodamine conjugated goat 

anti-rabbit IgG in blocking buffer (secondary antibody) in a light-safe humid chamber. 

The infections were examined in a fluorescent microscope, the infection level graded in 

accordance with the system described by Rhim (Rhim et al, 1962), and parallel IF and 

phase contrast exposures were made for each fieid using Fuji color slide film, ASA 1600. 

The proportion of infected cells in each field was determined from photographs by 

dividing the number fiuorescing cells by the total number cells observecl in the same field 

by phase microscop y. 

6, radio label in^ of viral encoded biomolecules 

a. 3 2 ~ ; 3  Oreano~hosphate labeling of &RNA. 

Phosphate-containing biomolecules were labeled with " ~ 0 , ~ ~  during viral infection. 

Briefly, monolayers in six well 

virus allowed to attach at 4OC, 

cluster dishes were infected at predetermined MOIS, the 

washed, and overlayed with phosphate free S-MEM and 

incubated at permissive and restrictive temperatures to exhaust residual organophosphate. 

After 45 minutes incubation, sufficient labeled  PO^ was added to provide for an 

activity level of 16.SpCilml of medium. The infections were incubated for equivalent 

replication cycles at each temperature. 



b. %Methionine labeline of viral oroteins, 

Suspension cultures were prepared at an MOI of 5 PFUlcell as described. After 

attachment at 4OC for 45 minutes the infected cells were added to supplemented S-MEM 

pre-warmed to either 32OC (permissive) or 40°C (restrictive). The infections were 

incubated for an quivalent number of replication cycles at each temperature (36 houn 

for restrictive cultures and 54 hours for permissive cultures). Three hours p s t  

attachment sufficient 35~-~ethionine:~ysteine was added each culture to provide for an 

activity level of 25gCilml culture. 

7. Isolation and characterization of v i n 1  dsWA and assernblv structures from 

labeled cultures. 

a. Isolation of 32PO!J labeled dsRNA. 

Cnide cytoplasmic extracts were prepared from infections radiolabelled with 32P 

essentiaily as described (Chapter 2.3 .a). Bnefly, ce11 monolayers were lysed with 0.5% 

NP-40, nuclei and cellular organelles sedimented, crude extracts of the supematents 
? 

treated with 250 pg/ml Proteinase K and 1 % SDS (final concentrations), and extracted 

one time with phenol/chloroform. The dsRNA fraction was precipitated at -2o0C in 

ethanol with sodium acetate, resuspended in electrophoresis sample buffer, and stored at 

-20°C until electrophoresed. Electrophoresis was conducted as described in Chapter 

2.3.b. 



Infected cultures which containeci labeled viral proteins were pelletai at 1200xg for 40 

minutes, the pe1Iets resuspended in cold lOmM Tris Base, pH 7.4, 250mM sodium 

chloride, 9.25pM 2-mercaptoethanol (BioRad , Richmond, VA) (HO Bu ffer) containing 

0.2% desoxycholate and incubated for 30 minutes at 4'C. The incubations were 

sonicated for 20 seconds every 10 minutes with a Vibra Ce11 sonicator mini-probe 

(Branson, Danbury, CONN) at a duty cycle of 40 1 and with 35 % output. The crude 

cytoplasmic fraction was extracted two times at 4OC with Genetron (1, l,2-trichloro- 

1,2,2-trifluoroethane) . 

The Genetron extracted matenal was separateci on 1.2-1 S5gmlmI  CsCl gradients for 7% 

to 16 hours at 35,000rpm in an SW4 1 rotor (Beckman Instruments, Inc., Pa10 Alto, CA), 

and 300~1 fractions collected by bottom puncture. The refractive index for each fraction 

was determined with a Bosch and Lomb Abbe 3-L refractometer (Bosch and Lomb, 

Rochester, NY) and the density for each fraction calculated from standard CsCl refractive 

indexdensity tables (Sober, 1970). The profile of radiolabelled material in each gradient 

was determined by scintillation counting lOpl aliquots in a mode1 LS 5000CE scintillation 

counter (Beckman Instruments, Palo Alto, CA). 

c. Se~aration of assemblv structures b~ rate zona1  radient centrifugation, 

Aliquots from selected CsCl gradient fractions were slowly diluted 3 fold by sequentially 

adding 10% volume aliquots of lOmM Tris, 1mM ethylenediamine tetraacetic acid 

(EDTA), pH 8.0, and were layered over either 15 to 30 % sucrose or 10 to 50 % sucrose 



gradients in lOmM Tris Base, pH 7.4, 1mM EDTA. Virai structures were separateci by 

centrifugation for 2% hours at 25,000 rpm at 4 O C  in an SW4 1 Rotor, and 300~1 fractions 

wliected by bottom puncture. The profile of radiolabelled matenal was determined by 

scintillation counting 2081 aliquots as described above. 

d. Protease di~estion evaluation of com~lete virions. 

Permissive1 y and res tric tivel y assembled virions purified b y isop ycnic gradient 

centrifugation were dialyzed against lOmM Tris Base, pH 7.4, 150mM sodium chloride, 

l5mM magnesium chloride (dialysis buffer) and subjected to protease digestion at 37OC 

with either 200pglml a-chyrnotrypsin or trypsin, or 100p/ml proteinase K or V8 Protease 

as descnbed (Bass ef al, 1990; Cleveland et al, 1986; Spendlove et al, 1963; Spendlove 

et al, 1965; Spendlove et al, 1970). Aliquots were taken at selected time intervals. The 

digestions were stopped by addition of protease inhibitor N-a-p-tosyl-L-lysine 

chloromethyl ketone (TLCK) for trypsin, or phenylmethylsufonyl fluoride (PMSF) for 

the remaining proteases (2.5mM final concentration inhibitor), and plunging into wet ice. 

The proteins were cold precipitated at -20°C by ethanol with sodium acetate. The 

precipitated proteins were dned, resuspended in electrophoresis sample buffer and stored 

at -20°C until electrophoresis. 

e. Imrnuno~recioitation of viral assemblv structures. 

Aliquots from selected CSCI isopycnic gradient fractions of 3SS-Methionine:Cysteine 

radiolabelled cultures were slowly diluted three fold by sequentially adding 10% volume 



aliquots of 50mM Tris Base pH8.0, lOOmM sodium chloride. 0.5 1 NP-40 (lysis buffer) 

and viral structures were irnmunoprecipitated overnight, al1 at 4OC, using poiyclonal anti- 

reovirus X1 conjugated to S. aureur protein A:sepharose beads (Sigma Chernical, Saint 

Louis, MO) as described (Hazelton and Coombs, 1995, Hazelton and Coombs, in 

preparation). After washing to rernove unbound material the beads were resuspended in 

electrophoresis buffer and stored at -20°C until electrophoresis. 

f. Identification of labeled viral ~roteins bv Polyacrvlarnide Gel 

Eiectro~horesis. 

30p1 aliquots of each CsCl fraction were diluted to 10p1 with sterile distilled water and 

the proteins were precipitated at -20°C in ethanol with sodium acetate. 150pl aliquots 

of each sucrose fraction were diluted to 500pl with sterile distilled water and proteins 

precipitated at -20°C in ethanol with sodium acetate. The pellets were re-suspended in 

electrophoresis sample buffer (Laemmli, 1970) and stored at -20 OC un til electrophoresed. 

(1 .) Tris:~Ivcine ~radient  el SDS-PAGE. 

Proteins were separated on 545% poiyacrylamide gradient slab mini-gels (7 x 8 x 

0.075cm) using a Mini-Protean II electrophoresis apparatus (BioRad, Richmond, VA) at 

180 Volts for 45 minutes. 

(2.) Tris:Glvcine/Urea SDS-PAGE. 

Proteins were separated on 0.1 x 16 x 20 cm slab gels using a tns:glycine/urea gradient 



gel system (TGU) as described (Coombs, 1998a; Hazelton and Coombs, in preparation). 

A 16 to 5% polyacrylamide:5 to 2.5% glycerol exponential gradient was covered by a 

wntinuously poured 5 to 4% polyacrylamide:2.5 to 2% glycerol linear gradient. Both 

iinear and exponential gradients contained 43 2 urea. A 4 % polyacrylamide: 2 % glycerol 

step without urea was poured over the gradient. The whole system was in 375mM Tris 

base, pH 8.8. Gels were polymenzed for 6 to 10 hours, a 3.75 % polyacrylamide 

discontinuous stacking gel in 125mM Tris base, pH 6.0 was layered over the resolving 

gel (Laemmli, 1970) and the proteins were separated by electrophoresis at either 9rnA 

for 9% hours or 7%mA for 16 hours. 

g. Western blot analvsis of the a rote in comuosition of viral assembl~ 

gructu res, 

Proteins separated on unfixed TGU and tris-glycine SDS-PAGE gels were transferred to 

nylon membranes (Immobilon, Millipore, Bedford, MA) using a Semi-Dry Transblot 

Transfer system (BioRad, Richmond, VA) and stained lightly with Ponceau Stain to 

wnfm protein transfer. The membranes were blocked with skim milk proteins in 

lOmM Tris base, pH 7.5, lOOmM sodium chloride containing O. 1% Tween 20 (TES-T). 

The membranes were probed with polyvalen; rabbit anti-whole reovinis antiserurn pooled 

with rabbit polyclonal anti-reovirus 82 antiserum. After probing the membranes were 

washed with TBS-T and probed with horseradish peroxidase (Jackson ImmunoResearch 

Labs, West Grove, PA) conjugated goat anti-rabbit IgG. Immune complexes were 

detected with diamino benzoate (DAB) as described (Hazelton and Coombs, in 



preparation) . 

hm Autoradio~raohv of labeled viral aroducts in SDS-PAGE. 

(1.) Autoradioeraohv of 3 2 ~ O j  labeled viral ~roductî. 

Radiolabelled dsRNA segments were resolved by polyacrytarnide gel electrophoresis as 

described above. After ethidium bromide staining to confirm the presence of dsRNA the 

gels were dried and developed by exposure to Kodak X-AR X-Ray film. 

(2.) Fiuoroera~hy of 35~-MethioninelCvsteine Labeled viral ~roducts. 

Viral proteins were radiolabelled and resolved in either TGU or tris-glycine SDS-PAGE 

gel systems as described above. After fixing in acetic acid:rnethanol the gels were 

irnpregnated with Enlightening (Dupont, Boston, MA), dned and fluorographed by 

exposure to Kodak X-AR sheet film (Kodak, Rochester, NY). 

8. Seauencine the Reovirus T3D and tsA279 temperature sensitive mutant M2 

gene segment. 

The procedures for cycle sequencing were conducted in accordance with the protocol 

provided for the Gibco BRL Life Sciences dsDNA Cycle Sequencing System (Gibco 

BRL) except as noted. 

a. Primer design for Reverse Transcri~tase co~vine and Polvmerase Chain 

Reaction amplification of the M2 gene semnent. 



A panel of 12 primers were designeci using the published sequence for the Reovirus T3D 

M2 gene segment (Jayasunya et al, 1988, Wiener et al  1988). Primen T3M2-01 through 

T3M2-06 were complementary to the positive sense strand, while primers T3M2-07 

through T3M2-12 were complementary to the negative strand. Primer T3M2-01, and 

T3M2M were complimentary to sequences which were upstream of the open reading 

frame boundaries for pl ,  thereby dlowing the entire open reading frame to be amplified 

and sequenced. The melting temperature for each primer was cdculated from the 

formula: 

Melting Temperature = {4x(nC +nG) + 2x(nA + nT)} O C  (Itakura er al, 1984). 

The primers, their location in the genome segment and their melting temperatures are 

given in Table 2.2. The primers were initially synthesized on an Oligo 1000 DNA 

Synthesizer (Beckman Instruments, Pa10 Alto, CA) or latterly obtained from Gibco BRL. 

b. Pre~aration of pene segment temdate. 

Cytoplasmic extracts were prepared from infected cultures of T3D or the mutant fsA279 

essentially as already describeci. The extracts were treated two times with 

phenoYchloroform, followed by an extraction with chloroform only, precipitated at -20°C 

in ethanol with Sodium Acetate, the precipitated nucleic acids dried, resuspended in 

RNase free 90 % Dimethyl Sulfoxide, 1 mM Tris Base, pH 6.8, and stored at -20°C until 

use (Bassel-Duby et al, 1986). 



Table 2.2 Primers for Reverse transcriptase and oolvmerase chah reaction am~lification and seauencine of 

the 1112 eene sement of tsA279.9 

First Last Total Melting 

Primer Strand Base Base Sequence Bases 56 GC Temperature (OC) 

M2-01 + 7 24 CTG CTG ACC GTT ACT CTG 18 55 56 

M2-02 + 393 407 CGT GAG TTC CTT GAC 15 53 46 

M2-03 + 789 803 GAAGGCACCGTGATG 15 60 48 

M2-04 + 1194 1209 GAGACGACGTGGGATC 16 62 52 

M2-OS + 1592 1606 CTA CAC TCC AGA ATC C 16 50 48 

M2-06 + 1985 . 2ûOû CTC ATC TGA GTC TAT C 16 44 46 
d\ 

M2-06a + 1984 2001 GCT CAT CTG AGT CTA TCC 18 50 54 

M2-07 - 8 25 TGC CTG CAT CCC TTA ACC 18 55 56 

M2-O8 - 366 380 GAAAGCCTGCATTGC 15 53 46 

M2-09 - 804 818 CAA CTG CTC AGG CTC 15 60 48 

M2- 10 - 1206 1220 CACATTATAATCTGC 15 33 40 

M2- l0a - 1235 1248 TGGCAAACACGGGTG 15 60 48 

M2-11 - 1598 1614 GAG ATC AAT CTC CCA C 16 50 48 

M2- 12 - 2031 2045 CCATGGTACCCTCC 15 60 48 

8 Primers derived from sequence data by Jayasuriya et al, 1988. 



c, W g e n e  R verse sement 

cDNA. 

Aliquots of the gene ternplate prepadons to be copied and amplified were melted at 

50°C and snap cooled by plunging into wet ice with simultaneous addition of cold mase 

fkee sterile water. A final reaction rnix was prepared containing 32 units RNasin, 100pM 

each of primers #1 and #7, 500pM each of dATP, dCTP, dGTP, and d m ,  50mM Tris 

base, pH8.0,2.5mM potassium chloride, m M  magnesium chlonde, 0.01 % BSA, 0.01 1 

dithiothreitol, and 160 Units S uperscript II@ reverse transcriptase enzyme (Gibco BRL) 

in 100 pl reaction mix volume, and the reaction mix incubated for 1 hou at 42OC. The 

reactions were placed in wet ice and immediately amplified by polymerase chah reaction 

(PCR). 

d. Polvmerase Chain Reaction amdification of reoviral M .  cDNA. 

A PCR reaction mix was prepared containing the cDNA preparations, and lOmM Tris 

base, pH 8.3,5OmM potassium chlonde, 2.75rnM magnesium chloride, 0.00 1 % gelatin, 

l.OmM each of primers # 1  and #7, 500pM each of dATP, dCTP, dGTP, and dTTP, and 

20 Uni& AmpliTaq DNA polymerase (F. Hoffmann - La Roche, Basel, Switzerland), the 

mix was diluted to 600~1 reaction mix final volume. The reaction mix was divided into 

100~1 aliquots for incubation. The cDNA was amplified by thermal cycling through the 

following conditions: pre-heating to 9S°C for 3 minutes; five cycles of 1% minutes at 

9S°C, 1% minutes at 44OC and 3 minutes at 7Z°C; 35 cycles of 1% minutes at 92OC, 

1% minutes at 44OC, and 3 minutes at 72OC; and 10 minutes at 72OC. 



e. -quantification and identification. of polvmera~ ch& 

reaction ~roduct. 

Reovinis T3D and tsA279 M2 gene segment cDNA PCR product was originally 

precipitated in ethanol with Sodium Acetate, the precipitated nucleic acids dried and 

resuspended in sterile distilleci water. Later preparations were purified using the 

QLAquick PCR Purification Kit (QIAGEN, Hilden, Germany) in accordance with the 

manufacturer's instructions, with the PCR cDNA product eluted into lOmM Tris base, 

p H 8 5  PCR products were separated at 1 15 Volts for approximately 1 hour in 9 x 1 1 

cm 0.9% agarose horizontal slab gels in 45mM Tris Base, 45mM bonc acid, ImM 

EDTA, pH 8.0 (0 .5~  TBE), containing lpllml ethidium bromide. The gels were exposed 

to ultraviolet irradiation and the  bands of fluorescing nucleic acids at approximately 

2.2Kbp in Iength were excised. The cDNA product was purified with silica matrix, 

initially using the Prep-A-Gene system (BioRad, Richmond, VA) with elution into the 

manufacturer's elution buffer, and latterly the QIAquick Gel Extraction Kit spin columns 

(QIAGEN, Hilden, Germany) with elution into lOmM Tris base, pH 8.5. Silica matrix 

purifications were done in accordance with the respective manufacturer's protocols. The 

concentration of cDNA in each preparation was determined by running cDNA aliquots 

parallel to 100 and 1000 bp dsDNA ladder markers of known concentration (Gibco 

BRL). The identity of the M2 cDNA was confirmed by reviewing the endonuclease 

digestion fragment pattern obtained when aliquots from each cDNA amplification were 

digested with the restriction endonucleases Bam HI, Eco RI, Hind III, and Pst 1 with the 

expected pattern. 



f. Polvmenise Chain Reaction cvcle s - u e n c i n ~  of the T3D and tsA279 M2 

gene sement cDNA. 

Cycle sequencing was conducted using the protocol provided for the Gibco BRL Life 

Sciences dsDNA Cycle Sequencing System (Gibco BI&; Murray, 1989; Craxton, 1991). 

Briefly, primers were 3 2 ~  end labelrd using 3 2 P r ~ T ~  and T4 Polynucleotide Kinase at 

37OC. Termination mixes containing 100pM each dATP, dCTP, dGTP, and d T P  and 

containing either 2mM ddATP (Mix A), 1rnM ddCTP (Mix C), 0.2mM ddGTP (MU( G), 

or 2mM dd?TP (Mix T) were utilized for the dideoxy sequencing reactions. 

Alternatively, lOOpM dITP was substituted for dGTP in the termination mixes used in 

some sequencing reactions to accommodate reading problems caused by possible G:C 

compressions in the sequencing gels (Barnes et al, 1983, Gough and Murray, 1983). 

The sequencing reactions were conducted in reaction mixes containing 1OmM Tris base, 

pH 8.3, 50mM potassium chloride, 5mM magnesium chlonde, 0.001 2 gelatin, 66ng 

cDNA (30ng cDNA/Kb template length) and 2 Sunits AmpliTaqQ DNA. Cycle 

sequencing was done in accordance with the following schedule: pre-heating to 95OC for 

3 minutes; 20 cycles of 30 seconds at 95OC, 30 seconds at 53 OC and 60 seconds at 70°C; 

10 cycles of 30 seconds at 92OC, 1% minutes at 53OC, and 60 seconds at 70°C: After 

addition of formamideldye stop solution the sequencing reactions were stored at -20°C. 

g. Polvacrylarnide gel electro~horesb senaration of seauencine ~roducts, 

Reaction products were heated to 9S°C and snap cooled by immersion into 

wet ice, and were resolved on 8 % and 6 % polyacrylamide sequencing gels containing 



0 . 5 ~  TBE with 65-70mA per gel constant current. The mutant and wild type reactions 

for each primer were run next to each other to assist in identification of mutation 

events. Gels were dried and autoradiographs were prepared by exposure to Kodak X- 

Omat AR x-ray film. 



c m 3  

Mapping the Temperature Sensitive Lesions of the Study Clones 

1. Introduction, 

Rmvirus has several unique biophysical and genetic properties which make it well suited 

for mapping phenotypic traits. First, the genome is divided into ten segments. These 

segments may be thought of in a similar manner as eukaryotic chromosomes, with the 

exception that most r e o W  segments are monocistronic. One segment, the S 1 segment, 

is bicistronic. Second, the gene segments are double stranded RNA (dsRNA). 

Therefore, they are resistant to degradation during processing. Third, the gene segments 

rnay be readily resolved on 10% polyacrylarnide gels, stained with ethidium bromide and 

visualized under ultraviolet irradiation. Fourth, the reovirus family has at least three 

distinct serotypes, each having unique migration rates for their compliment of genome 

segments. Fifth, the serotypes are able to interact in mixed infections and produce 

progeny with a mixed genomic compliment (Figure 3.1). Finally, infectious progeny 

virions wntain only one copy of each gene segment. For recent reviews see Nibert et 

d, 1996b, and Caombs, 1998b. 

The ability to reassort during mixed infections may be used to sort large panels of 

mutants into recombination groups on the assumption that mutants which do not 

recombine to produce wild type progeny must contain a lesion in the same gene 

segment(s) (Fields and Joklik, 1969; Ramig , 1983). Where a distinct phenotype may be 
I 



Figure 3.1. Sodium Dodecyl Sulfate Polyacrylamide Gel Electropherogram of 
dsRNA from Tl Lang, T3 Dearing, Mutant tsA279, and T1L x 
tsA279 Reassortant Prageny Clones. 

6 
Gene segments from approximately 4 x 10 cells infected with the 
indicated clones were resolved in a 10% slab gel (16.0 x 16.0 x 
0.15cm) at a constant current of 18mA for 46 hours, stained with 
ethidium bromide and photographed under ultraviolet irradiation. 
Positions and identites of the T1L and T3D genes are located on 
the left and right sides, respectively. 



identified with one reovinis serotype it is possible to use the genetic properties to create 

reassortants, the biophysicai properties to identiq the parentage of each gene segment, 

and analym a reassortant panel for the presence or absence of the phenotypic trait. 

Reassortant analysis provides a finer level of resolution which may associate the 

phenotype with one gene segment. 

Recombination mapping had been utilized to sort the previously isolated ts mutants of the 

Fields' panel into recombination groups (Fields and Joklik, 1969; Cross and Fields, 

1972; Ramig ef al, 1983), and the îs Iesion had been mapped to specific gene segments 

for prototype mutants from nine out of ten recombination groups by reassortant analysis 

(Mustoe et al, 1978; Ramig et al, 1978; Ramig et al, 1983; Cwrnbs, 1996). Candidate 

ts clones were isolated during initial studies (Appendix B). Modified assay methods 

made it possible to clearly confirm that the mutants identified for investigation were al l  

temperature sensitive (Appendix B.2). It was, however, necessary to confirm that the 

clones were as reported (Appendix B. 1). Further, the genetic composition of the isolated 

mutants in the study had not been verified. Therefore, confirmatory mapping was 

undertaken for the mutants in the study. 

2. Confirmation of the recombination ~ r o u ~ i n ~ :  of the test clones. 

Recombination grouping was performed as described (Fields and JokIik, 1969). 

Essentially, sub-confluent L929 monolayers were infected at an MOI of 5 PFUkeIl with 

each of: 1. the clones under evaluation (tsA201, f.rA279. rsA340, rsE320, fiIDtV8-3, 



tsI138 (MW). tsIZ38 (I2/82). and t .128-1,); and 2.  a panel of mutants from the 

remaining Reassortment Groups. Excess inoculum was removed after one hour 

adsorption at 4OC, supplernented S-MEM with antibiotics was added, and the infections 

were incubated at 32OC for 33 hours. Viral lysates were prepared by freezelthaw 

foilowed by a brief burst of sonkation with a Branson Vibra Ce11 mini probe sonicator. 

Lysates were titred at 32*C, 3g°C and 40°C and the proportion of reassortment was 

determined from the relationship: 

{[(Yiehi A x B ) ~  - (Yield A~ + Yield BR)] + lYieZd A x B)'] x 100 

where (A x B) represents the mutants crossed in the particular infection, yield is the 

infectious titre of the infection at the indicated temperature, and R and P are the 

restrictive and permissive iemperatures, respective1 y, used for titration (Fields and Joklik, 

1969). 

3. Ressortant r n a ~ ~ i n ~  of the t s  lesions. 

The ts lesions were mapped for each mutant in the study using reassortants generated at 

32OC. Except where noted, between 72 and 82 plaques were isolated from each mixed 

infection Iysate, amplified throug h two passages, cytoplasmic extracts prepared from each 

second passage stock, the dsRNA resolved in polyacrylamide slab gels, and gene 

segments identifiai by electrophoretic migration as described above (Chapter 2.2, 2.3). 

Infections which showed no CPE were harvested after seven days culture and extracts 

were prepared. Gene segment iden tities were determined from 

mobilities as described (Mustoe et al, 1978; Ramig et al, 1978; 

their electrop horetic 

Sharpe et al, 1978; 



Hazelton and Coombs, 1995) and EOP vaiues determined for reassortant clones. The 

electropherotypes for panel members were andyzed collateraily with EOP values for the 

reassortant clones to determine which gene segment(s), if any, were associateci with 

expression of the ts phenotype for each parent clone examined. 

4. Results of recombination m o u ~ i w  of the test clones. 

Where two clones have lesions in different gene segments, the restrictive titre of progeny 

in the mixed infection culture will be sirnilar to the permissive titre of progeny. 

Recombination assay values for such situations generdly range upwards of 10% (eg. 

Fields and Joklik, 1969, Ramig et al, 1983). Where the lesions are on the same gene 

segment the restrictive titre of progeny in the mixed infection culture will be sirnilar to 

the restrictive titre for each parental clone paralle1 condition. Theoretically such values 

would approach 0.00. For example, mutant clone fsA340 does not recombine with the 

clone tsA279, as indicated by the recombination value of -0.01, but does recombine with 

the mutant clone tsE320, as indicated b y  the recombination value of 0.74 (Table 3.1). 

The results of the recombination assay at 40°C are shown in Table 3.1. The three 

recombination group A clones did not recombine with each other, nor with the clone 

tsH26/8-3 (recombination vaiues ranging from negative to 0.00%). The recombination 

values also indicate the tsA2Ol and tsA340 clones did not recombine with the tsB352 nor 

the tsFS.56 clones, and the tsA340 clone also failed to recombine with the tsB271 clone. 

The tsE320 clone, with recombination values from 0.84 to 9.271, recombined with ail 

other clones in the panel. In addition to not recombining with the group A clones, the 





tsH26/U-3 clone did not recombine wiîh any of the group B or group 1 clones 

(recombination value 0.00%). The rd38  clone recombined variably with clones from 

recombination groups A, and B, and did not react with clones From groups G, H and J. 

Finaily, the clone ts1128 failed to recombine with tsB271 (Table 3.1). 

5. R S  

a. Ma~nine the tsA279 double ts lesion. 

A total of 78 clones from the mixed infection were selected, amplified and 

electropherotyped. Four clones provided no growth and 34 had reassortant 

electropherotypes (reassortant efficiency = 45.9 %) , of which 30 were unique. There 

were seven monoreassortants portraying five unique reassortant patterns. One 

monoreassortant, LA279.56, had a tsA279 M2 gene segment in a background of T1L 

gene segments (Figure 3.1, Table 3.2). Initial examination of fsA2 79 x T 1L reassortants 

provided contradictory interpretations. No gene segment was associated with the ts 

lesion at 39 OC. However the L2 and M2 gene segments from the wild type T IL parent 

uniquely assorteci to the tsf phenotype. When the panel was sorted by degree of 

temperature sensitivity at 40°C two classes of ts reassortants emerged, a strong LS 

phenotype associated with the ts parental M 2  gene (reassortant clone LA279.43, Figure 

3.2, Table 3.2) and a weak rs phenotype associated with the rs parental L2 gene segment 

(reassortant clone LA279.11, Figure 3.2, Table 3.2). Review of the EOP values 

obtained at 3g°C and 39.S°C with the sorted values obtained at 40°C showed that al1 

clones in the set of mild ts reassortants at 40°C were mildly ts at 3g°C and 39.S°C. In 
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Temperature (OC) 

Figure 3.2 Tem~erature ~rofile of efficiencv of ~lating (EOP) values for Tl Lang, 
tsA.279. and wild tme.  mild ts and strong Is iphenotvw T1L x tsA279 
reassortants. 

EOP values of T1L (3, tsA279 (a), and selected T1L x tsA279 reassortants (LA279.09 
(a), LA279.11 ( + ), and LA279.43 (+)}, determined as descnbed (Chapter 2.2, 2.3) 



Table 3.2. Eiectro~herotv~es and EOWs of Tl LandtsA279 reassortane 

Gene Segment 

CLONE 

A 1  A A A A A A A  
1 A l A A A A A A A  
A l l A A A A A I  A 
1 A 1 1  A A A l A l  
A A t l A A l A A l  
A A l A A A A A A l  
A A A l A A l A l  1 
A A l A A 1 1 A l  1 
A l 1  1 A A l A A A  
1 l A l A A l A 1  1  
1 A A A A A A A A A  
A A A A A A A A A A  
1  I 1 1 A 1 1  1  1 1  

t: EOP : Efficiency of Plating (titre @ 39OC or 40°C) s (titre @ 32OC). Ranked by EOP at 40°C. 
5: Denotes parental origin of gent; 1: TlLmg; 79 A: W 7 9  



most cases increasing the restrictive temperature improved u expression by less than 3 

fold. The class of strong ts mutants provided a range of ts' and 1s EOP values at 3g°C. 

The level of temperature sensitivity increased gradually by 3 or more orders of 

magnitude as the temperature was increased in steps to 4Q°C (Figure 3.2, Table 3.2). 

The mono-reassortant U279.56 was a member of the strong ts panel. The remaining 

8 gene segments were randomly distributed between the parental genotypes. 

b. M a ~ ~ i n e  the tsA201 ts lesion. 

A total of 78 candidate reassortant clones were selected to map the lesion for tsA2OI. 

Four clones provided no growth, 3 clones were of mixed electropherotypes and 3 clones 

were not available for testing due to insufficient sarnple. There were 25 clones with 

reassortant electropherotypes (reassortant efficiency = 35.2 % ) , wi th 5 mono-reassortant~ 

demonstrating 4 unique reassortant patterns, for a total of 24 unique electropherotypes. 

One monoreassortant, LA201.69, had a t.201 M2 gene segment in a background of T1L 

gene segments. The mutant M2 gene segment was associated with the panel of ts clones, 

and the T1L M2 gene segment was associated with the panel of ts+ clones. The M2 

monoreassortant clone LA201.69 was a member of the ts panel. Al1 other 9 gene 

segments were randomly assorted between the different serotypes. This confirms the 

previously reported mapping for the mutant lesion (Mustoe et al, 1978)çTable 3.3). 

c. M a ~ ~ i n e  the tsE320 ts lesion. 

A total of 164 clones were selected in two series of expenments. In the first expriment 



Electro~herotv~es and EOWs of Tl LandtsA2OI reassortants. 

Gene Segment EOPt 

CLONE L1 L2 W Ml M2 M3 S1 S2 S3 S4 39/32 40M2 
- - - 

A S A A 1  A A A A A A  
A A A A A I A A l A  
A A A A A A A l  A  A  
A A A A A l l A l  1  
1  1  1  l A A A 1  A  A  
A A 1 1 A 1  1 A A A  
1 A A A A A l A l A  
A I A A A A A A A A  
1 1  1 1 A I I  1  1 1  
I A A A A l 1  1 A  A  
1 1 l A A A A 1  A  A  
A A A A A A A A A A  
A A A A A A A l  A I 
1  1  1  A A 1  A 1  1 
A l A A A A A l  A  A 

1  A 1 A 1  1 1 A A t  
1 A  1 1  1 1 A A A l  
A A l A l A A A A A  
A l A 1  1 A A 1  A  1  
I 1  l A 1  1  1 1  1 1  
A 1 1  1  1 1  1  1  1  1 
1 A l  1  1 1 A 1  A  1  
A  1 1 1  1 1 1  1  1  1  
I 1 1 1 1 I l  1 1 1  
1 1  1 A 1  1 1 1  A  A  
1 1 1 1 1  1 1  1 A  A  
A  1 1  1 1 1  I A l  1 

t: EOP : Efficiency of Plating (titre @ 3g°C or 40°C) + pitre @ 32OC). Ranked by EOP at 40°C. 
: Denotes parental origin of gene; 1: TlLang; A: rsA201. 



8 1 clones were selected, of which 2 showed no growth and 75 were parental T1L. Due 

to the low success in manufacture of reassortants a fresh panel was prepared with freshly 

titreû parental stocks. 83 candidate reassortant clones were selected. One clone showed 

no growth and 5 were of mixed electropherotype. A total of 35 reassortant clones, 

representing 3 1 unique gene patterns, were identified fiom the second panel (reassortant 

efficiency = 45.5 1%). Eight monoreassortants with 4 different genotypes were identified. 

One monoreassortant, clone LE'320.158, contained a T1L S3 gene segment in a field of 

tsE320 gene segments. Three clones were not available for further testing. The mutant 

S3 gene segment was associated solely with the panel of rs clones, and the T1L S3 gene 

was assorted to the ts+ set of clones. The TIL S3 mono-reassortant LE320.158 was a 

member of the ts+ panel. Al1 other 9 gene segments were randomly assorted. This 

confirms the previously reported mapping (Ramig er al, 1978)flable 3.4). 

d. M a ~ ~ i n e  the tsH26/8-3 ts lesion. 

Two panels with 80 candidate reassortant clones were generated from two different 

stocks of clone 26/8-3 (total reassortant candidate clones tested = 160). The first panel 

(parental clone tsH26/8-3, P4c) contained 2 clones with no growth, 1 clone of mixed 

parentage, and 28 reassortants with 26 unique electropherotypes (reassortant efficiency 

= 35.9 1). Six reassortant clones were monoreassortants. The mutant L2 gene segment 

was associated with the ts set of clones while the T1L L2 gene segment assorted uniqueIy 

to the ts+ set of reassortants. The fsH26/8-3 M l  gene segment was present in 15 of 17 

ts phenotype clones and the T1L Ml  segment was present 9 of 11 ts+ clones Al1 other 



Table 3.4. Eiectro~herotv~es and EOws of Tl Lan~ltsE320 ~assortants. 

Geae Segment EOP-t - 
CLONE L1 U L3 M l  M2 M3 S1 S2 S3 S4 39/32 - 

E E E E  
1  1 1  E 
1 E 1  1  
1 1  1  1  
E E E E  
l E 1 E  
E  1  1  1  
E E E E  
E E E E  
E E E E  
I E E E  
E E E E  
E 1 E E  
1 E l E  
I E E E  
1 E E E  
E E l  1  
1  E  1 1 
1  1 1  E  
E E E E  
E 1  I E  
l E E E  
E E E E  

E E l E E 1  
1 E 1  1 E I  
E  1  1 E E 1  
E 1  1  l E 1  
E E l E E E  
E I E E E 1  
E  1  1  I E l  
E  1 1  1 E E  
E l E E E E  
E E l E E E  
E E E E E E  
E E l E E E  
E E l E E 1  
E E E l E 1  
E E E E E E  
E E E E E l  
1  I E E E E  
E l E l E E  
I E E E E 1  
E E E E E l  
E E E E E E  
E E E E E E  
E E E E E E  

- - 

E E E l E l  1  1 1  
E l E E E E l E l  
l E I E E E E E 1  
E  1  1 E E E 1  1 1  
E  1  1 E E E l E l  
E E l E E E E E l  
E E E E E E E E l  
1 E l E l E - 1 E 1  
E E E 1  1 1  1  1 1  
1  1 E l E I  I E 1  
1  1 1 1  1  1  1 1 1  
1 E 1  L E 1  1 E 1  
E E E I  l E l E 1  
1 1  1 1 1  1 1 1 1  
1  1  1  1  I E E E I  

a. EOP not done @ 39OC. EOP, : LE320.29 = 0.0000355; LE320.66 = 0.0750 
t: EOP : Effîciency of Plating (titre @ 3g°C) + (titre @ 32OC). Ranked by EOP at 40°C. 
9: Denotes parental origin of gene; 1: T 1  Lang; E: tsE320 



8 gene segments were randomly assorted between the different serotypes. 

The lesion for mutant clone tsHî6/8-3 had been previously mapped to the Ml gene 

segment (Rarnig et al, 1983). Because the mapping for this clone did not confvm the 

previous results the rnapping was repeated using a different clone. A second panel of 80 

candidate reassortants was generated from the stock clone rrH26/8-3, P4a. The panel 

contained 3 clones which showed no growth, 3 of mixed genetic composition and 15 

reassortant clones (2 monoreassortants), each with a unique gene pattern (reassortment 

efficiency = 19.5%). As before, al1 clones in the ts set contained the L2 gene segment 

from the tsH26/8-3 parent, while al1 3 clones in the ts* panel derived their L2 gene 

segment from the T1L parent. The M 1 gene was randomly assorted between the two sets 

of clones. The remaining 8 gene segments were also randornly selected in each 

phenotypic group. This confirms that the clone of mutant 1sH26/8-3 which is included 

in this study has a rs lesion in gene segment L2, rather than M l  (Table 3.5). 

e. M a ~ ~ i n e  the 1sl138 Is lesion. 

A panel of 75 candidate reassortant clones were selected from the cross infection between 

ts1138 and TlL. The clones were selected during several different isolation procedures, 

with evidence that the first 20 clones may have been mis-identified during isolation. 

Therefore, those clones were not analyzed. Three of the remaining clones showed no 

growth, 1 was of mixed parentage, and 21 were reassortant clones (4 monoreassortants), 

representing 21 unique gene patterns (reassortment efficiency = 40.4 46). A strong ts 



Table 3.5. Electro~herotv~es and EOWs of Tl  Lan~/tsH26/8-3 Reassortants, 

1 1 H H 
1 1 1 1 
H  H H H  
H H I  1 
1 1 H 1 
1 1 H H 
1 1 1 1 
H H H W  
1 H 1 1 
1 I 1 1 
H 1 1 I 
I 1 1 1 
1 1 1 H 
1 1 1 1 
1 1 1 1 

1 1 1 1 
1 1 1 H 
H H 1 H  
H 1 H H  
1 1 1 1 
1 1 1 1 
1 H 1 H 
H H I  H 
H H H I  
H 1 1 1 
1 1 1 H 
H 1 1 1 
1 H  1 1 
I 1 1 1 
H H H 1  

t: EOP : Efficicncy o f  Piating (titre @ 3g°C) t ( t h  @ 32OC). Radced by EOP at 40°C. 
O: Demtcs pareml origin of gcne; 1 : Tl Lsng; H: uH2618 



phenotype was associated with 8 clones at 3g°C. These clones all derived their L3 gene 

segments from the M 3 8  parent. AU other clones were ts+, with the exception of one 

which repeat tested as indeterminate (EOP values between 0.05 and 0.1) (Ramig et ol, 

1983, Hazelton and Cwmbs, 1995). AU clones in this group had an L3 gene segment 

donated from the TlL parent. The other 9 gene segments showed random distribution 

of genetic denvation in both groups of this panel Vable 3.6). This confirms that the 

fi1138 clone included in this study has a ts lesion in the same gene segment as previously 

reported (Ramig et d, 1983). 

f, M a ~ ~ i n *  the tsJ128 ts lesion. 

A total of 75 candidate reassortant clones were isolated. One represented mixed genomic 

complement, and 15 were reassortant clones (reassortment efficiency = 20 .O 1). Twelve 

of the clones represented identical monoreassortants, leaving only 4 unique gene patterns 

available for analysis. No gene segment showed selective distribution of parental 

genotype when al1 four clones were considered as a whole. The mapping of the ts lesion 

for this clone was not pursued further. 

6, Discussion 

a. Recombination erou~ing of test clones. 

For viruses with segmented genomes, recombination mapping is a powerful tool for 

rapidly sorting large panels of clones with a common phenotype into subsets in which 

phenotype expression resides on a common gene segment. The problem experienced 



Table 3.6. Eiectro~herotypes and EOWs of Tl  Lan~lts1138 ReassortantS, 

CLONE 

Gene Segment 

rrlf38rïlL 6/2 7/1 810 5D 6/2 9 3  3/5 612 612 711 

LI13856 3 3 1 1 3 3 3 3 3 1 0.0439 
W138.43 1 1 1 1  1 1 1 3 3 3 0.1756 
L1138.61 3 3 1 1 1 1 1 3  1 1 0.2083 
Li138.50 1 1 1 1  i 1 1 1 3 3 0.3001 
L1138.38 3 3 1 3 1 3  1 3  1 1 0.5070 
L1138.23 3 3 1 1 3 3 1 1 3  1 0.6551 
L1138.47 1 1 1  1 1 1 1 3 3  1 0.6592 
L1138.51 3 3 1 1 1 3 1 3  1 1 0.8495 
LI138.46 1 3 1 1 1 1 1 3  1 1 0.9065 
L1138.65 1 3 1 1 1 1 3 3  1 1 0.9520 
L1138.36 3 3 1 3 1 1 3 1 3  i 0.9845 
LI138.26 1 I 1 1 3  1 1 1 L 1 1.3 103 
TlL 1 1 1 1 1  1 1 1 1  1 2.800 

pp- 

tslt38/TlL 6/6 814 0/12 2/10 319 418 319 814 616 2110 

t: EOP : Efficiency of Plating (titre @ 3g°C) i (titre @ 32OC). Ranked by EOP at 4û°C. 
8: Denotes parental origin of gene; 1 : T 1Lang; 3: &dl38 



with the mapping of the tsH26/8 clone dictated re-examining the recornbination group 

placement for all study clones (Fields and Joklik, 1969; Ramig et al, 1983). The 

restrictive temperatures utilized in these recombination infections were 3g°C and 40°C, 

with the best separation into recombination groups occumng at 40°C. In this 

reassessment the group B and H mutants did not appear to recombine. This is consistent 

with the observation that the tsH clone used coiitains a lesion in gene segment L2. In 

addition, the group G clone tsG453 did not recombine with the tsB and tsH mutants. 

This is also consistent with previous reports for tsG453, which was originally grouped 

in recombination group B (Fields and Joklik, 1969) and reclassified at a later time based 

on additional characteristics (Cross and Fields, 1972). 

There were discrepancies surrounding the interactions of the clones from reassortment 

groups B, G, and H with the group I mutant. As indicated in Appendix B, the ts1138 

clone generally grows very poorly. The failure to recombine may be explained by the 

clone's slow growth phenotype. It had previously been reported that recombination is 

not efficient at restrictive temperatures when members of the recombination groups D 

and E are involved (Chakraborty et al, 1979), the group D and E clones both recombined 

with clones from other recombination groups in these studies (Table 3.1). 

Finally, while recombination is potentially a very valuable tool for screening, it must be 

noted that the experience with the recombination assay done in these studies was not 

good in cornparison to the results reported elsewhere (Fields and Joklik, 1979; Rarnig 



et al, 1983). Tn some cases the degree of reassortment is in fractions of percent, even 

between mutants with lesions clearly isolated and identifieci as in different groups. These 

results indicate that the degree of recombination was between 10' and 1û3. While the 

poor results obtained here parallel those reporteci for tsII38 (Ramig et al, 1983), 

confirmation of recombination groupings frorn these studies is dubious. 

b. Reassortant r n a ~ ~ i n ~  studies. 

There are a number of reasons which justify re-mapping the ts lesions in the mutant 

clones before further work. Identification of gene segment parentage c m  be highly 

subjective. It is easy to misinterpret gene segment serotype where assay conditions do 

not ailow clear definition of unique gene migration rates for each serotypic segment. 

This is a serious consideration when determining the pedigree of T1L versus T3D L3 

segments, or Ml  segments from al1 three reovirus serotypes. Previously gene segments 

were resolved for relatively short times (24 hours) and with relatively Iow cunent (1 10V, 

or approximately 14mA) (Sharpe er al, 1978). This study utilized bigger polyacrylamide 

gels, thereby increasing the length of the lanes in which each sarnple could be mn. The 

gels were also electrophoresed for longer times (45 hours) at higher cunents (18mA). 

The technical changes ampli@ the differences in migration rates between the serotypic 

gene segments and facilitates their identification. 

The procedures previously utilized for generating reassortant progeny rnay also present 

a number of theoretical and practical technical concems: 



In some instances multiple serotypes were used as non T3D parents (Mustoe es al, 

1978; Rarnig et al, 1978; Rarnig er al. 1983). The control problem introduced by 

multiple parents is difficult but not insurmountable. However, an additional 

problem is that the T Z  parent grows more slowly than the other serotypes. This 

complicates the problem of establishing controls and appraising the ts phenotype. 

Finally, many of the TlL and T2.J parents were denved from high passage 

laboratory stock clones (Ramig ef al, 1978). High passage stocks may include 

gene segments with altered migration patterns, deletion mutations in gene segments 

(Zou and Brown, 1992) or contain additionai lesions which would confound data 

analysis. This concem is amplified by the technical problems introduced by short 

gel paths in those earlier studies; 

2. Temperature sensitive clones of TlL and T2.T were used as parents for generating 

reassortant progeny (Mustoe er al. 1978; Ramig et al, 1978; Ramig et al, 1983). 

In some instances the non T3D serotype parent containe. more than one ts lesion 

(Ramig er al, 1978; Rarnig et al, l983), including one example where the second 

lesion became known during data analysis (Ramig er al, 1978). In addition to 

problems in controlling interpretation of data there is theoretical concem over 

fitness of fit between the non-parental gene segments under these conditions. 

Recent examination of TlLxT3D reassortants generated from wild type parents has 

suggested selective interactions encourage paren ta1 pairing with the L 1 -L2, L I -M 1, 

Li-S I and L3-S 1 gene segments and/or their products (Nibert et al, 1996a). One 



explanation for those findings is non-permissive interactions between segments of 

different parentage. Such interactions could lead to potential progeny which may 

not fblly assemble, or replicate poorly if assembly does occur. The question of 

fitness of interaction between non serotypic gene segments is compounded when 

the parents have known mutations affecting their fitness to replicate; 

3. For some mapping experiments the generation of recombinants was done at 39OC 

with ts parents. This was to encourage the generation of tsC reassortants over ts 

parental progeny (Ramig et al, 1978; Ramig er al, 1983). Because a number of 

mutants are only mildly ts at 3g°C there is no guarantee there will be signifiant 

selection for ts+ reassortant progeny. It has been reported that culture at elevated 

temperature encourages selection of intra- andlor extra-genic revertants, clones 

with cornpensatory mutations which suppress the ts phenotype under restrictive 

conditions (Ramig eï al, 1977). The observation that a significant number of 

suppressed lesions were observed dunng the mapping for the tsI138 lesion (Ramig 

eï al, 1983) is consistent with these concems. The use of a panel with 

predominantly ts+ reassortants with few, if any LS reassortant clones, could lead 

to mis-interpretation of results. The mapping of the double ts mutant fsA279, 

which has been conducteci in the studies reporteci here, would be difficult if only 

one phenotypic panel had been used. One possible interpretation could have been 

that the lesion in the L2 segment represents a compensatory reversion mutation 

rather than a separate LS mutation. This could have led to different directions in 



the supplemental studies done with this clone (see Chapter 5, below); 

4. In previous studies reassortant panels which were mildly ts were also isolated 

under culture conditions which discouraged selection for ts phenotypic reassortants 

(Ramig et al, 1983). The prototypic parental clones selected to represent these 

recombination groups ( groups H, 1, and J) are al1 strongly temperature sensitive 

(Ahmed and Graham, 1977; Ramig and Fields, 1979; Ahmed et al, 1980b). In 

consideration of the variance between the mild EOPs obtained with the is 

reassortant panels and the previously reported EOPs for the ts parents, the 

mapping of a strong ts lesion with rnildly ts reassortant clones generated at 

restrictive temperatures must be ques tioned . This concem is especiall y important 

considering reports of selection for reversion and suppression mutations at elevated 

temperature and the observation of suppressed lesions observed during the mapping 

~ 1 1 3 8  (Ramig et al, 1983); and 

5. Suppression, and frequently degree of ts expression, by at least some reassortant 

clones, was determined with an assay referred to as the lyticlleaky plaque assay 

(Ramig and Fields, 1977; Ramig et al, 1983). This assay is conducted at 3g°C, 

and uses the size and appearance of plaques to determine whether a clone is ts or 

not (Ramig and Fields, 1977). The interpretation of 'lytic' and 'leaky' plaques is 

subject to bias, whether intentional or not. Further, in this instance the ts parental 

clones were dl strongly ts, thereby challenging the vaiidity of any test conducted 



at a shgle temperature which is purported to identify expression of the ts lethal 

phenotype. 

In consideration of potential problems with previous mapping exercises, the mapping was 

reviewed using large panels of rs and tsi clones which had been generated at 32OC. One 

clone of T1L was used as the wild type parent for al1 mapping studies reported here. 

This clone did not contain any known rs lesions. The temperatures at which each clone 

expresseci the ts phenotype were determineci. The clones were then tested at both 

permissive and restrictive ternperatures, and tnie EOP values established. Where 

appropriate, elevated temperatures were used dunng plaque assays to improve 

identification of the ts phenotype. 

Finally, the conditions for electrophoresis utilized here were optimized to demonstrate 

ciifferences in the migration rates of gene segments from different parents. Improved 

identification of the gene segments makes reassortant identification more reliable, thereby 

ensuring inclusion of clones which may otherwise have been discarded through the failure 

to discriminate gene segment parentage (eg. between the L3 gene segments if TlL and 

T3D, or with the Ml segment for al1 three serotypes). 

The theoretical proportion of reassortants has been predicted to be 25% (Niberi et ai, 

lW6a). While previous reports of reassortan t efficiency achieved from mixed infections 



have rangeù as high as 202,  the geneml level is at or below 3 % . Poor performance in 

obtaining reassortants could be due to interference between segments from specific 

recombination groups (eg. groups D and E)(Chakraborty et al, 1979). The 

aforementioned use of ts parents multiple serotypes, and culture conditions which select 

for wild type progeny could contribute to poor reassortant efficiency (Ramig et al, 1977), 

as could the concept of non-permissive gene segment pairings (Nibert er al, 1996a). It 

is theoretically possible that non permissive recombinations would be amplified in 

progeny clones with multiple rs lesions derived from parents of different serotypes. 

The levels of reassortant efficiency noted in these studies generally ranged between 36% 

and 46%. There was initially poor performance in generating reassortants with the 

mutant 1sE320. However, when freshly titred stocks were used for the mapping of 

tsE320 the reassortant efficiency increased drarnatically , frorn 4.9 % to 45.5 % . The 

proportion of reassortants obtained in the first mapping expenment for the mutant 

rsH26/8-3 was 35.9%. This efficiency fell to 19.5% when the same wild type parental 

stock lysate was in a subsequent experiment. In the latter case the parentai clones had 

not been freshly titred. The generally high efficiency with which reassortants were 

generated in this study indicates that the ratio between MOIS provided by each parent and 

permissive growth conditions are important considerations in the successful generation 

of reassortants. It should be noteâ that rs1128, had an efficiency of 20.0% for the single 

reassortant generation procedure conducted. 



The use of muitiple, and elevated temperatures allowed the identification of two ts lesions 

with the clone fsA279; a mild lesion in the L2 segment expressed equally at al1 elevated 

temperahires, and a dominant lesion in the M2 segment which is expressed mildly at 

3g°C, but which increases in expression as temperature is raiseci to 40°C (Table 3.2, 

Figure 3.2). The presence of two lesions in this clone led to a review of the prototype 

clone ful20I to confirm that the procedures as used in this study were correct. The use 

of double mutants and multiple parents, with progeny generated at elevated temperature 

could have rnitigated against success in the identification of double lesions such as seen 

with clone tsA279. 

The rs lesions for the group E clone tsE3ZO and the group 1 clone rs1138 both mapped 

cleanly to the gene segments which were previously identified. The clone ts1138 had 

proven difficult to map in previous study. In fact, the best mapping was to the M2 gene 

segment. However, considenng the apparent ability to recombine with the Group A 

prototype clones and the fact that the lesion for that group was shown to be in the M2 

gene segment, a lot of effort was made to identify suppressed expression of the 

phenotype so that the L3 segment could be identified with the lesion (Ramig ef al, 1983). 

The use of permissive temperatures to generate reassortants allowed many earlier 

problems to be avoided. There was no selection towards revertants, and no problem with 

suppression was observed. 

The clone tsH26/8-3 presented the most senous problem of the study clones. The results 



of these studies showed that the laboratory copy of this clone contains a lesion in the L2 

gene segment, not the M l  segment, as previously reported. To confirm the location of 

the ts lesion a different parental tsH26/8-3 clone was tested. The possible seleciion for 

revertants by high temperature culture condition, the use of double mutants of high 

passage stock, and similarity in Ml  gene segment migration rates for al1 three reovirus 

serotypes under electrophoresis conditions used in previous studies make it possible to 

mis-interpret the identification of gene segments. Further, the L2 gene segment was 

nied out in only one of three panels identifieci for the mapping, the ts+ panel (Ramig ef 

al, 1983). 

Another observation which may be of import is that mutant isH26/8 was rescued from 

the pseudorevertant clone 26. Clone 26 was itself isolated from a long term persistent 

culture of tsC447 (Ahrned and Graham, 1977; Ahrned er al, 1979). Ts clones with 

lesions in the L2 (Group B) and S4 (Group G) gene segments were also rescued from 

clone 26. This questions whether the vial containing the clone used in this study had 

been properly labeled, or had been mis-read or mis-labeled during previous 

amplifications. Considering the advances in gene segment resolution, the mapping of the 

lesion to the L2 gene segment does not conflict with previously reported data. 

Examination of al1 the data suggests that the laboratory stock clone tsH26/8-3 is either 

not the original clone as reported, or that there was a mistake in the previous mapping. 

The ts1128 clone did not generate a sufficient number of reassortants to permit mapping. 



This is similar to the previous study results (Ramig et al, 1983). Since only four 

missortment patterns had been identifiai, with no clear suggestion of mapping, further 

work with this clone was lirnited. 



CHAPTER 4 

Examination of the ts mutants tsE320, tsH26/8, and tsI138, 

1. Introduction 

Morphogenesis has been reviewed by thin section electron microscopy for prototype 

clones from recombinant groups A, B, C, D, E, and F (Fields et al, 1971) and G @anis 

et al, 1992) of the Fields panel. As noted in Chapter 1, there has been no reported 

morphogenetic evaluation of mutants from the remaining three groups; H, 1, and J. 

Further, as with the prototype mutant tsA.201, study involving the prototype fsE320 used 

a restrictive temperature of 3g°C and demonstrateci no effect upon the infection process 

(Fields er al, 1971). The prototype tsW20 has variably been reported to produce no 

infection (Cross and Fields, 1972). Therefore, thin section electron rnicroscopic 

investigation into the morphogenesis of the mutant clones rsE320, tsH26/8,and ts1138, 

was initiated. Growth curves were also established in conjunction with the 

morphogenetic studies. Because the lesion for the study clone of rsH26/8 was identified 

in the L2 gene segment no work beyond thin section electron microscopy was done with 

that clone. The production of dsRNA was examined for the remaining two clones, and 

the course of infection was noted by immunofluorescent microscopy for the clone isE320. 

It was not possible to obtain sufficient titres for the clone rs1138 to ailow examination by 

immunofluorescent microscopy. Assembly intermediate structures produced by these 

mutants were not identified by direct particle counting, as was performed with the mutant 

tsA279 (Chapter 5). 



a. Electron microsco~v. 

For thin section electron microscopy suspension cultures of cells were prepared with the 

mutant clone tsES20, rsH26/8, and rs1138, at a multiplicity of infection (MOI) of 5 

PFUlcell as describe (Chapter 2.2.h). Al1 infections were cultured at a permissive 

temperature of 32OC. The restrictive temperature used for tsH26/8 was 3g°C. The 

restrictive temperature used for al1 other mutants was 39.5 OC. Ultrastructurally , paralle1 

mock infection control cells appeared normal for both permissive and restrictive 

temperatures. 

6. Labelline and ~urification of dsRNA. 

To examine synthesis of dsRNA L929 ce11 monolayers in 6 well cluster dishes were 

infected with T3D, rsAZOI, tsA279, rsB40.5, tsE320, and rsI138, labeled with ''PO,". 

the gene segments resolved by SDS-PAGE, and the gels autoradiographed as described 

(Chapter 2.6a,2.7a, h). 

C. hunofluorescent microscoov. 

L929 monolayers were infected, fixed, reacted against rabbit anti-whole reovirus 

polyclonal antibody, and developed with rhodamine conjugated goat anti-rabbit IgG as 

described (Chapter 2.5). The monolayers were examined by irnmunofluorescent 

microscopy (IF) and evaluated in accordance with the 4 stage systern described by Rhim 

(Rhim et al, 1962): stage 1, fine granular points of fluorescence; stage 2, coalescence 

of fluorescence into larger inciusions and some reticulate fluorescence; stage 3, 



perinuclear condensation of fluorescence; and stage 4, a general diffuse fluorescence 

throughout the cytoplasm. Parallel IF and phase contrat exposures were made for each 

field using Fuji color slide film, ASA L600. The proportion of infected cells in each 

field was calculated as per: 

(No. cells fluorescing by IF) + (Total No. cells in field (Phase Microscopy)) x LOO. 

2. Uninfected L929 control cells 

Ultrastructurally, uninfected control cells appeared normal at both permissive and 

restrictive ternperatures. Dunng a typical 72 hour infection the cell density in the 

cultures would increase 2 to 3 fold, with approximately 70% viability (Figure 4.1A). 

The only significant observation was that uninfected control cells expressed a type A 

retrovirus particle into the lumen of the rough endoplasmic reticulurn. 

3. The mor~hoeenesis of wild t v ~ e  T3D at ~ermissive and restrictive 

tern~eratures. 

Generally , T3D infections showed the same pattern of morphogenesis at both permissive 

and restrictive temperatures as permissive cultures of the ts mutants. Cytoskeletal 

elemenîs were associated with the inclusions of permissive temperature cultures but not 

of restrictive temperature cultures. The progress of infection did not differ from 

previous reports concerning wild type reovirus (Borsa er al, 1979; Chaly et ai, 1980; 

Dales et al, 1965; Fields ec al, 197 1 ; Silverstein and Dales, 1968; Silverstein, 1976; and 

Wolf er al, 1981). The first viral inclusions appeared between 12 and 24 hours post 



Figure 4.1 Growth curves of T3D. tsE320, tsH26/8-3. and ts1138 and electron 
microsco~ic evidence of infection at ~ermissive and restrictive 
tern~erature. - 

L929 cells were infected and incubated at permissive and restrictive ternperatures. 
Aliquots were taken at indicated times, titered, and examined for evidence of infection 
by thin-section electron microscopy (Chapters 2.2, 2 -4.a). Infected cells are expressed 
as the proportion of cells showing infection in the plane of section; virus titre is 
corrected to an input value of 1 unit per cell. Infected cells (0)  and infectious titre (A) 
at 32°C; and infected cells (a) and infectious titre (+) at 39°C for MD and tsH26/8-3. 
or 39.S°C for tsE320 and rs1138. Viability (+) and growth(0) of control uninfected 
L929 cells in suspension culture culture and incubated at 39OC is shown in panel A. 
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attachment, and by 60 hours p s t  attachment al1 cells would be infected, both at 

permissive and restrictive temperatures (Figure 4.1B). The infections were not very 

cytopathic until late in infection. While there was some vacuolization of the cytosol, the 

infections did not dernonstrate the ultrastnictural charactenstics associated with apoptotic 

cell death (condensation of nucleoplasm and cytoplasm; ruffling or rupture of nuclear or 

cytoplasmic membranes). Cultures were not evaluated for the characteristic 

chromosomal degradation associated with apoptosis (Lu et al, 1994). Swelling of the 

cytosol and the appearance of electron dense material in the mitochondria late in infection 

further indicated that cellular membranes were no longer integral. After infection there 

was a brief lag phase, where the titre of recoverable infectious virus declined to less than 

10% of the input titre, followed by a rapid increase to values typically between lOOx and 

lOOOx the input infectious titre (Figure 4.1B) 

4. Studies into the life cvcle of tsE320. 

a. The rnor~ho~enesis of tsE320 at ~ermissive temperatures. 

Permissive infections with tsE320 showed a delayed appearance of virus, with the first 

small inclusions appearing 18 hours post attachment. These viral foci developed into 

well defined cytoplasmic inclusions which displaced the nucleus and provided a eucentnc 

appearance to the cells by 36 hours. The inclusions were smaller than those observed 

with the permissive temperature cultures of T3D (Chapter 4.3), tsA279, (Chapter 5.3) 

and rsH26/8-3 (Chapter 4.5.a, below). Ultrastructurally, the early inclusions were 



disorganized aggregations of viral product around cy toskeleral tubules (Figure 4.2A. 

inset). Later in the course of infection the expected paracrystaline arrays of assembling 

vinons associated with cytoskeletal elements developed (Figure 4.2B). The cells 

maintained a healthy appearance until late in the infection. There was no apparent 

condensation of the nucleopiasm or cytosol and no changes to the endoplasmic reticulum 

until 60 Lours p s t  infection, at which time the mitochondria also began to display some 

distension. The nuclear and cytoplasmic membranes remained unbroken and showed no 

ruffling. There was reduced expression of the msforrning Type A retrovinis. 

b. The mor~hogenesis of tsE320 at restrictive tem~eratures. 

Parallel restrictive infections with tsE320 did not demonstrate evidence of infection in 

any cells examined at every time point between 12 and 48 hours. Neither was there any 

evidence of viral rnaterial accumulating nor digesting in lysosomes (Figure 4.1C). Due 

to the failure to observe evidence of infection, no samples were evaluated for later times 

in the infection. The cells remained relatively healthy through the duration of culture. 

There was reduced expression of the transforming Type A retrovirus. 

c. Growth curves for tsE320. 

Permissive infections showed a brief lag phase of 12 hours followed by rapid nse in titre 

which peaked at three orders of magnitude over input after 60 hours post infection 

(Figure 4. K). Restrictive cultures for rsE320 had a slightly longer lag phase, followed 

by a brief nse in recoverable infectious titre which peaked below the input values at 24 



Figure 4.2. Thin sections of permissive and restrictive infections of L929 ceIls bv 
tsE320. 

Thin-section electron micrographs of permissive infections with rsE320. L929 cells were 
infecte. at an MOI of 10 PFU per cell and incubated in suspension at 32°C. After 18 
hours nascent inclusions are observed which are disorganized aggregations of viral 
material (A). By 36 hours post infection the inclusions show a paracrystalline array of 
virions (B). Paralle1 restrictive temperature cultures showed no evidence of infection. 
Bars represent 1.0pm (200nm for insets). 





hours post infection. The recoverable infectious titre then declined two orders of 

magnitude below the input levels (Figure 4.1 C). 

d. Production of dsRNA bv fsE320. 

The mutant clone rsE320 was positive for dsRNA production under permissive growth 

conditions and negative at al1 restrictive temperatures (Figure 4.3). This result is 

consistent with previous reports for this clone (Cross and Fields, 1972). 

e. hnmunofluorescent determination of d rote in ~roduction bv tsE320. 

Permissive infections displayed early stage 1 levels of infection in a small proportion of 

cells at 6 hours post infection. Photographie evaluation showed that 53.2% of the cells 

examined were infected at 48 hours post infection, the rnajority at stages 3 to 4 (Figure 

4.4A). 

There was no strong cytopathic effect demonstrated in restrictive infections by this clone. 

The monolayers remained confluent and showed little immunofluorescence beyond 

background during the course of infection at restrictive temperature. Evidence of 

infection was displayed in 3.4% of the cells examined photographically at 48 hours, with 

most of the infected cells demonstrating stage 1 levels of infection. The occasional ce11 

showed stage 2 levels of infection (Figure 4.4B). 



Figure 4.3 Production of d s W A  bv tsA279. tsE320. and ts1138 at oermissive and 
restrictive tern~eratures. 

"PO: labelled cytoplasmic extracts were prepared from monolayers in fected with T3 
Dearing and rs Mutants ~ ~ A 2 0 1 ,  tsA279, rsB40.5, rsE320, and rs1138 and electrophoresed 
as descnbed (Chapters 2.6a, 2.7a,h, 5.l.c). A: 32OC; B: 39T; C: 39S°C; and D: 
40°C . The gels were autoradiographed for 24 hours at room temperature (A) or 4 days 
at -70°C with an intensifier screen (B, C, D). 





Figure 4.4. Immunofluorescent microsco~v of uninfected control. and wrrnissive 
and restrictive infections with tsE320. 

Subconfluent monolayers were infected at an MOI of 10 PFU per ce11 with tsE320 (C,D) 
and incubated at 32°C (A,B,C) and 40°C (D) for 48 hours. Control cells (A,B) were 
ueated with rabbit anti-reovirus hyperimmune semm (primary antibody (A)), developed 
with rhodamine-conjugated anti-rabbit serum (secondary antibody (B)), and viewed and 
photographed with fluorescent and phase contrat microscopy (Chapters 2.5, 5 .  l .c). 



f. Discussion, tsE320. 

Characteristics for the rsE320 mutant clone had been previously reported, with the initial 

report stating that incubation at the restrictive temperature did not result in discemable 

differences from the permissive cultures by electron microscopy and immunofluorescent 

microscopy (Fields et al, 1971). Subsequently the clone was reported to have not 

provided any ultrastructural evidence of infection in the earlier study at a restrictive 

temperature of 3g°C (Cross and Fields, 1972). Preliminary work in the current study 

indicated that the expression of the conditionally lethal phenotype was increased by 

elevating the restrictive temperature for tsE320. which is only marginally ts at 3g°C 

(Appendix B, Table B.2). Because the phenotype could be tumed on more effectively 

at elevated restrictive temperatures, and because of the variable nature of previous 

reports, this mutant was re-examined. The results of this study indicate that the mutation 

interferes with the early appearance of virus at the permissive temperature, with the first 

small inclusions not showing up until 18 houx post infection. This does not prevent the 

course of infection from proceeding to al1 cells infected, and a yield in recoverable 

infectious virus similar to that seen with control cells and other permissive cultures 

(Figures 4.1, 4.3A, 5.9). There was no evidence of infection observed at any tirne 

during the experiment when the restrictive temperature of 39.5 OC was used. Previous 

reports had indicated evidence of infection by immunofluorescent microscopy at 3g°C. 

Use of the elevated restnctive temperature of 40°C resulied in severely reduced evidence 

of infection after 48 hours (3.4% at the restrictive temperature versus 53.2 % at 

permissive temperature). Further, the degree of infection as demonstrated b y 



imrnunofluorescence was changed from stages 3 to 4 at permissive temperatures to very 

weak stage 1 levels of infection. The imrnunofluorescence results are consistent with 

reduced protein production at the restrictive temperature. 

As observed in earlier work there was no evidence for production of dsRNA under 

restrictive conditions (Cross and Fields, 1972). Failure to produce dsRNA is consistent 

with reduced viral protein production. In addition, no assembly intermediate stage has 

been identified as being produced by this mutant at restrictive temperatures in either 

earlier studies (Fields et al, 1971) nor in this study. The results of ultrastructural 

examination, protein production as determined by IF microscopy, dsRNA production and 

failure to identify intermediate structures suggest expression of the rs phenotype is the 

result of early intervention in the replicative process. 

5. Studies into the life cvcie of tsH26/8-3. 

a. The mor~hopenesis of tsH26/8-3 at permissive ternrieratures. 

As with the mutant clone tsE320, permissive infections with the  putative mutant clone 

fsH26/8-3 did not produce viral inclusions in the host ce11 until relatively late in 

infection, with the first small inclusions not being visualized until24 hours port infection 

(Figure 4.5.1). Other than the tirne un til the first appearance of inclusions, the infection 

did not differ from the results observed with mutants rsA279 (Chapter 5.3) and tsE.320 

(Chapter 4.4.a) (Figure 4.5.3). 



Figure 4.5. Thin sections of oermissive and restrictive infections of L929 cells bv 
t~ H2 6/8-3. 

Thin-section electron micrographs of permissive (1,3) and restrictive (2,4) infections with 
rsH26/8-3. L929 cells were infected at an MOI of 10 PFU per cell, incubated in 
suspension at 32°C and 3g°C, and examined at 24 hours (1,2) and 48 hours (3,4) post 
infection. (1) Nascent inclusions are first seen 24 hours post infection, with progeny 
virons assembling around condensed genomic material at 32OC. (2) The early inclusions 
appear as more disorganized aggregates of viral material at 3g°C. (3) After 48 hours 
incubation inclusions at 32OC fil1 the cytoplasrn in paracrystalline arrays. (4) The 
inclusions at 3g°C remain as small diffuse areas of viral product. Bars represent 1.0pm 
(200nm for insets). 





b. The momho~enesis of tsH26/8-3 at restrictive temperatures. 

As with the permissive temperature infections, there was no evidence of productive 

infection pnor to 24 hours p s t  attachment. Al1 inclusions observed during the course 

of the infection were small diffuse masses of viral product. Ultrastructurally, the 

inclusions containeci rare foci of genomic matenal in Ioose aggregates of viral material. 

There was no accumulation of digesting vinons in transport vesicies or lysosomes (Figure 

4.5.2, 4). The cells remained relatively healthy in appearance during the course of the 

experiment. Evaluation of inclusions from dead cells suggests that there is an 

accumulation of empty core particles in the restrictive cultures (Figure 4.6). These 

results are consistent with previous reports conceniing tsB352 (Fields et al, 1971). 

c. Growth curves for fsH26/8-3. 

The profile for recoverable infectious titre dunng permissive infection with tsH26/8-3 

was similar to that for rsE320 (Figure 4.1C). Restrictive cultures of rsHZ6/8 showed a 

gradua1 rise in ultrastructural evidence of infection which peaked at 10.0% of d l  cells 

examined after 36 hours post infection, and then declined to 2.0% of al1 cells examined 

after 72 hours incubation (Figure 4.1 D). 

d. Discussion, tsH26/8-3. 

As noted in Chapter 3, the laboratory copy of isH26/8-3 does not contain a lesion in the 

M l  gene segment. Rather, this clone contains a lesion in the L2 gene segment, coding 

for the major core protein X2. For this reason, this clone was not evaluated past the 



Figure 4.6. Thin section evidence of restrictivelv oroduced assemblv intermediate 
core aart ides bv tsH26/8-3. 

Thin-section electron micrograph of an inclusion found 48 hours after infection in a dead 
ce11 from a restrictive infection with rsH26/8-3. Samples were prepared as for Figure 
4.5. Bar represents 200nm. 



work done with thin section microscopy and growth curves. Thin section electron 

microscopy noted an apparent accumulation of empty core particles in this study (Figure 

4.6). The product reported by thin section electron microscopy for îsB352, the prototype 

group B clone, was a core like particle (Fields et al, 1971). Negative stain examination 

of gradient materials from restrictive temperature cultures with tsB40.5 also identified 

core like particles (Morgan and Zweerink, 1974). No information was provided 

conceming whether the core like particles observed with the group B mutants contained 

genomic material (Fields et al, 1971; Morgan and Zweerink. 1974). Therefore, the 

ultrastructural findings from this study do not conflict with previous findings for mutants 

which contain a lesion in the L2 gene segment. The accumulation of empty core 

particles is also similar to the product reported for the Group D mutant tsD357 (Fields 

et al, 1971) and for the group G mutant îsG453 (Morgan and Zweerink, 1974). 

6. Studies into the life cvcle of tsIl38. 

a. The rnorpho~enesis of clone MI38 at ~ermissive temrientures. 

Gross evaluation of permissive infections by ts1138 shows nascent inclusions first 

appearing at 18 hours post infection. With this exception, ut trastructurd examination 

provides a very different result than noted with the other mutants in this study. The 

inclusions progress to small. disorganized foci of viral product in the host ce11 cytoplasm. 

Ultrastxucturally the inclusions are comprised of occasional foci of condensed genomic 

material in loose aggregates of virai protein. This appearance remained throughout the 

course of the infections. In the few examples of larger inclusions which were observed 



the inclusions remained lwse and disorganized. and did not display the paracrystailine 

arrays of vinons normally seen in permissive temperature cultures (Figure 4.7.3, 4). 

The cells remained relatively healthy until 48 hours post infection, when the culture 

began to die off quite rapidly. 

b. The morphogenesis of clone tsI138 at restrictive tem~erature. 

At the restrictive temperature there was little evidence that the cells had been infected. 

There was transient appearance of srnall, diffuse inclusions in a srnall proportion of cells 

sampled 18 hours post attachment. There was no evidence of infection observed in cells 

sampled commencing at 36 hours post infection. On rare occasion the inclusions showed 

clear foci of genornic material with no assembly of viral proteins. The most strilcing 

characteristic was the appearance of large, electron dense concentric condensates in the 

inclusions (Figure 4.7.2). There was no evidence of accumuiation and digestion of viral 

product in lysosomes. As with the permissive infection, the cells remained relatively 

healthy until48 hours post infection. There was no evidence that the death of the culture 

was caused by the effects of the infection. Evaluation of inclusions found in the one 

infected dead ce11 identified in the latter stages of the infection suggested that there was 

an accumulation of genome cornplete core particles (Figure 4.8). 

c. Growth curves tsI138. 

Permissive infections showed a bnef Iag phase of 12 hours followed by rapid rise in titre 

which peaked below two orders of magnitude over input after 72 hours p s t  infection. 



Figure 4.7. Thin sections of permissive and restrictive temperatures of L929 cells 
by tsï .38. 

Thin-section electron micrographs of permissive (1,3,4) and restrictive (2) infections with 
ts1138. L929 cells were infected at an MOI of 10 PFU per cell, incubated in suspension 
at 32OC and 3g°C, and exarnined at 18 hours (1,2) and 36 hours (3,4) post infection. 
(1) Nascent inclusions observed 18 hours post infection at 32OC are small but contain 
assembIing vinons. (2) After 18 hours incubation at 39.S°C the inclusions are diffuse 
and disorganized with no evidence of assembly. Electron dense concentric sworls of 
viral product may be seen in larger inclusions. (3)At 32OC the inclusions continue to be 
seen as small diffuse masses of viral product with little assembly. (4)Large inclusions 
remain disorganized and do not assume the paracrystalline array normally observed 
(Figure 4.2C). Bars represent I .Opm (200nm for insets). 





Figure 4.8. Thin section evidence of restrictivelv ~roduced assemblv intermediate 
core  articles bv ts1138. 

Thin-section electron micrographs from an inclusion found 48 hours after infection in a 
dead cell from a restrictive infection with rsII38. Samples were prepared as for Figure 
4.7. The inclusions are loose unassembled foci of genomic material (large arrowhead) 
with some complete particles (large arrows). Some top cornponent is produced (srnall 
arrows). Bar represents 1 Pm. 



The first appearance of inclusions coincided with the end of the lag phase, and showed 

gradua1 increase, culminating with al1 cells examined being infected at 72 hours post 

infection (Figure 4. lB,  C, D, E). 

Restrictive cultures of ts1138 demonstrated a bnef lag and rise in recoverable infectious 

titre, pealung at just below input values after 8 hours incubation. This was followed by 

a slow decline of greater than two orders of magnitude in recoverable infectious virus 

through the time course of the study (Figure 4.1E). 

d. Production of dsRNA bv tsII38. 

Al1 mutants produced dsRNA at permissive temperature. However, the mutant rsI138 

produced reduced levels of dsRNA compared to other permissive cultures (Figure 4.3A). 

There was no evidence that dsRNA was produced by rsIl38 at 3g°C. The dsRNA 

positive mutant cultures of rsAIOl, rsA2 79, and rsB40.5 produced detectable levels of 

dsRNA at restrictive temperatures (Figure 4.1B,C, D). 

e. Discussion tsï138. 

The inability to culture tsll38 to high titre presented numerous problems throughout the 

course of these studies. The results of the characterization provides insight into the 

reasons. The clone did not produce noticeable levels of infection at permissive 

temperatures as observed in thin section electron microscopy. Further, those inclusions 

observed never assumed the paracrystailine a m y  anùcipated in permissive infections. 



Rather, the inclusions were usually disorganized masses of viral product with rare foci 

of genomic materials (Figure 4.7). At restrictive temperatures the infections failed to 

generate any distinct progeny. Rather, there were concentnc sworls of electron dense 

material observed in small cytoplasmic inclusions. This structure is similar to those 

observed in the published electron micrographs of fsC447 restrictive inclusions (Fields 

et al, 1971). Growth curves for permissive cultures show levels of recoverable infectious 

titre between one and two orders of magnitude below those obtained for permissive 

infections with other mutants (Figure 4.1E). The evidence of this study also shows that 

there is severely reduced production of dsRNA by the mutant at permissive temperature 

(Figure 4.3). These data support the findings in Appendix B which showed the clone 

required prolonged culture periods to reach maximum titres. The results from restrictive 

temperature cultures indicate that there is lirnited production of viral material with little 

or no assembly of progeny. 

These studies provide prelirninary evidence that there may be more than one mechanism 

of action by which the mutant ts1138 demonstrates its conditionally Iethal phenotype. 

First, that there is a defect in the replication cycle, as demonstrated by the reduced 

production of dsRNA by this clone. This defect occurs with the permissive temperature 

cultures. Second, there is the apparent failure to assemble into progeny virions. Funher 

insight into these mechanisms may be extrapolated from future studies into the production 

of ssRNA and proteins by this clone under permissive and restrictive growth conditions, 

and by direct particle counts of interrnediate assembly structures which rnay accumulate. 



Al1 the data for permissive cultures suggest that the mutant clone ts1138 would be useful 

for examining the phenornenon of persistent infections by lytic viruses. This is consistent 

with the history of this clone, which is a rescued pseudorevertant clone obtained from 

a persistent culture of the L2 mutant tsB3.52 (Ramig et al, 1979; Ramig er al, 1983). 

Detailed examination and correlated comparison of the mutant tsB352 with rsI128 may 

aiso prove valuable. 



CHAPTER 5 

Evaluation of the mutant clone tsA279 

1. Introduction. 

The process of infection involves a number of steps; attachment, uptake, transmembrane 

transport, uncoating, replication and synthesis of proteins, assembly, and, lastly, release 

(Lucia-Jandris, 1990). Temperature sensitive lesions may affect any one, or more, of 

these steps. Ultrastructural examination of the course of infection is a non-specific test 

which ailows the impact of the ts lesion upon the whole process to be observed. Once 

the process of rnorphogenesis has been reviewed it may be possible to identify specific 

steps affected by the lesion, and thereby direct funher studies. 

The impact of temperature upon morphogenesis has been examined by thin section 

electron microscopy for the group A prototype clone tsA2Ol at a restrictive temperature 

of 3g°C. No effect upon the infection process was observed (Fields et al, 1971). 

Preliminary results in the current study indicate that some of the mutants, including the 

mutant fsA27.9, become more temperature sensitive as temperature is increased (Appendix 

B.2). In addition, rsA279 has been shown to contain ts lesions in both the L2 and M2 

gene segments, both of which code for significant structures in the fully assembled virion 

(L2 coding the A2 core spike; M2 coding the major outer capsid protein pl) (Table 3.2). 

Therefore, ultrastructural examination was undertaken to ascertain the impact of 

temperature sensitivity upon the rnorphogenesis of the mutant clone fsA279. 



2. Batch cultures of infections and sam~ling for evaluation. 

Parallel suspension cultures of cells were prepared for the reovirus parental wild type 

T3D serotype and the mutant clone rsA279 at a multiplicity of infection (MOI) of 5 

PFUlcell as descnbed (Chapter 2.2.h). The infections were cultured in suspension at a 

permissive temperature of 32 O C  and a restrictive temperature of 39.5 OC. Parallel 

uninfected control cells were also cultured in suspension cultures. Aliquots were 

cokcted at intervals from O to 72 hours post attachment, or until fewer than 20% of the 

cells in the culture were viable. The cultures were not fed nor othenvise treated dunng 

the course of infection. 

In order to map and define specific rnechanisms for expressing the rs phenotype to the 

appropriate ts gene segment , restrictive temperature cultures were also prepared using 

TlL and the TIL x rsA279 reassortant dones LA279.11, LA279.39, and LA279.56 

Fable 3.2). Samples were collected for these studies at 24, 36, and 48 hours post 

attachment. In addition, restrictive and permissive infections of TIL and tsA27.9 were 

prepared using an MOI of 15,000 virionsfcell to determine whether the ts phenotype was 

expressed by vinons assembled at both permissive and restrictive temperatures, or 

assembled at the restrictive temperature only. Aliquots were collected O, 95, 1, and 4 

hours post attachment and viewed by thin section electron microscopy. Finally, an 

antibody blocking experirnent was conducted to confirm that material obser~ed in 

cytoplasmic vesicles was the result of heterophagic degradation of nascent virions that 

had been endocytosed by the host cell, rather than autophagie digestion of abortive viral 



infections in the host ce11 cytoplasm. Samples were collected at time points between 18 

and 48 hours for the antibody blocking experiments. 

Selected sarnples were subjec: to assessrnent for: 1.) proportion of viable cells by trypan 

blue stain exclusion; 2.) yield in recoverable infectious virus. Yield of infectious virus 

was determined at a permissive temperature of 32OC as descnbed (Chapter 2.2.f); and 

3.) thin section electron rnicroscopic evaluation. Culture aliquots were processed at 4OC, 

infütrated, embedded, sectioned, and evaluated as descnbed (Chapter 2 -4a). Restrictive 

temperature cultures of TI L and the reassortant Tl L x rs~279 clones were evaluated by 

vital staining and thin section electron microscopy, and high MOI infections were 

evaluated by thin section electron microscopy only. 

3. Ultrastructural evaluation of tsA279 bv thin section electron microscopv. 

a. The morphoeenesis of 1sA279 at oermissive temoeratures. 

The overall progress of infection in cells infected with the mutant tsA279 and cultured 

at a permissive temperature of 32OC was similar to that seen with the wild type parental 

T3D. Gross evaluation of the infections showed early appearance of small inclusions, 

with the first clear inclusions evident by 12 hours post infection. By 24 hours p s t  

infection large inclusions displaced the ce11 nuclei, giving a characteristic eucentric 

appearance. 

Ultrastnicturally, nascent vinons were associated with microtubules by 12 hours post 



infection. By 18 hours post infection the cells were filled with large aggregates of 

complete virions in dense networks of viral products (Figure 5. I A), and 36 hours after 

infection the inclusions existed as paracrystaline arrays of complete virions. In addition, 

genome deficient vinons (top component) and outer shell structures were also observed 

(Figure 5. IC). The cells remained reiativeiy healthy during the course of infection, with 

no evidence of ce11 death occumng until the latter stages of infection. 

b. The morpho~enesis of tsA279 at restrictive temperatures. 

Gross examination of cells infected with f s ~ 2 7 9  and cultured at 39S°C showed small 

inclusions after 12 hours. However, in contrast to permissive infections, the inclusions 

in the restrictive infections did not progress to a further stage of development (Figure 

S.lB,D). 

Ultrastructural examination of infected cells suggested two pathways for the expression 

of temperature sensitivity evolving by 18 hours post infection; failure to produce and 

assemble viral product in the first round of replication, and an apparent blockade in 

trammembrane transport of restrictively assembled virions in subsequent rounds of 

infection. 

(1.) Reduced ~roduction and assemblv of viral propenv at restrictive 

temperature. 

The small cytoplasmic inclusions contained foci of genomic material in loose networks 

of viral proteins, with little or no assembly into mature virions (Figure 5.1 B). There was 



figure 5.1 Thin sections of oermissive and restrictive infections of L929 cells bv 
tsA2 79. 

Thin-section electron micrographs of permissive (A,C) and restrictive (B,D) infections 
with tsA279. L929 cells were infected at an MOI of 10 PFU per cell, incubated in 
suspension at 32°C and 39.j°C, and examined at 18 hours (A,B) and 36 hours (C,D) 
post infection. Bars represent 1.0pm (200nm for insets). Degraded vinons in lysosomes 
are indicated by arrows. 





no evidence of infection observed in thin sections of cells after 36 hours p s t  atmchment 

(Table 5.1). The cells did not demonstrate evidence of necrotic nor apoptotic ce11 death 

until late in the experiment, when the culture started to die. The apparent level of 

production of the transforrning Type A retrovims was reduced during the earlier stages 

of infection. 

(2.) Accumulation and demadation of isA279 mutant virions in Ivsosomes. 

There was an apparent blockade in transmembrane transport of virus in restrictive 

cultures. The vinons accumulated and were degraded in lysosomes (Figure 5.1B,D). 

The proportion of cells showing cytoplasmic inclusions and degrading virions in 

lysosomes at both permissive and restrictive temperatures is shown in Table 5.1 At 

permissive temperature there was no appreciable accumulation of virus in lysosomes at 

any Ume point. At the restrictive temperature virions first appeared to be accumulating 

and degrading in lysosomes at 18 hours post attachment. The presence of vinons 

degrading in lysosomes increased to over 50% of cells viewed at 36 hours and then 

declined to approximately 25 % of cells at 72 hours post attachment (Figure 5. IB, Table 

5.1). 

4. The blockade in transmembrane trans~ort. 

a. Mamin2 the btockade in transmembmne trans~ort. 

Restrictive temperature infections were prepared from a panel of Tl L x tsA2 79 



Table 5.1 Characteristics of tsA279 batch infections, 

39S0C 
Titre in fected Lvsosomes 

a. Time : Hours after attachment at 4OC. 
b. Titre in Plaque Forming Units per ml 
c. Infected : Proportion of cells examined which demonstrated viral inclusions in the 

plane of section. 
d. Lysosomes : Proportion of cells examined which contained vird particles being 

digested in lysosomes. 
ND. Not Done 



reassortants to confirm the existence of and map the apparent blockade in transmembrane 

transport. The infections were examined at various time frames between 24 and 48 

hours. Infections with the wild type parent TlL and the mutant LZ/wild type M2 

reassortants LA279.11 and LA279.39 showed most cells infected by 24 hours. The 

infections progressed tu lytic ce11 death in essentially al1 cells by 36 hours post infection 

with the three clones. There was limited evidence of virions in transport 

vesicles/lysosomes at 24 hours post attachment (Figure 5.2A). However, none of the 

vesicles contained degraded virions. There was clear evidence of virion transport into 

the cytosol at 24 hours post attachment (Figure 5.3A, Table 5 - 2 ) .  

The mutant M2 monoreassortant clone LA279.56 showed reduced evidence of infection, 

with small indusions in approximately 1 % of dl cells examined at 36 hours, and no 

ultrastructural evidence of infection after that time. Lysosomes which con tained 

degrading vinons were clearly evident in alrnost 50% of the ce11 sections evaluated 36 

hours post infection. The proportion of cells demonstrating the presence of digesting 

virions in lysosomes declined to approximately 30% after 48 hours, with no evidence of 

productive infection being observed in the cytosol of any cells by that time point. 

(Figure 5.2B, Figure 5.3B, Table 5.2). Review of the electropherotypes for the panel 

examined for transmembrane transport shows the M2 gene segment associated with the 

phenotype, and that al1 other gene segments are randomly assorted (Table 5.3). 



Figure 5.2 Evidence of infection and blockade of transrnembnne transport with 
the fsA279 L2 and bI2 gene se~ments. 

L929 cells were infected at an MOI of 5 PFU per cell, incubated in suspension at 
39S0C, and sampled for electron rnicroscopic examination at 24, 36, and 48 hours. (A) 
Reassortant clones LA279.11 and LA279.39 (mutant L2; T1L M2) demonstrated no 
accumulation and degradation of virions in lysosomes. (B) The mutant M2 
monoreassortant clone LA279.56 dernonstrated little evidence of infection in the 
cytoplasm of infected cells while there was an accumulation of virions digesting in 
lysosomes which fell off after 36 hours. 





Figure 5.3 Thin section examination of trammembrane transport with the tsA279 
U and hl2 gene segments. 

L929 cells were infected at an MOI of 5 PFU per ce11 and incubated in suspension 
39.S°C, and examined at 24 hours (A) and 36 hours (B) post infection. Magnification, 
50,000~; bars represent 200nm. A: Mutant L2 reassortant LA279.39. Vinons in cytosol 
indicated by large arrowhead. B: Mutant M2 reassortant LA279.56. Degraded vinons 
in Lysosome (L) indicated by arrowhead. 



Table 5.2 Inrection and presence of virus in I~sosomes in TlLltsA279 reassortants. 

Gene 
Pattern Timea viableb Infected' Lysosomesd 

Mutant L2: 24 Hr 19.4% 2.97 17.0 
Mutant M2 36 Hr 10.0% 1 .O6 58.8 

48 Hr 0.0% 0.0 29.4 

TlL L2: 24 Hr 70.0% ND ND 
Mutant M2 36 Hr 72.6% 1.53 49.6 

48 Hr 68.5 % 0.00 3 1.2 

Mutant L2: 24 Hr 70.0% 99.2 3.13 
TlL M2 36 Hr 72.6% 1 O0 O 

48 Hr 68.5 % ND ND 

TIL L2: 24 Hr 10.0% 87.0 7.61 
TIL M2 36 Hr 5.0% 1 O0 0.00 

48 Hr ND ND ND 

a. Time : Duration of incubation after attachment at 4OC. 
b. Viable : Proportion of cells in culture viable by Trypan Blue dye exclusion. 
c Infected : Proportion of ce11 sections containing viral inclusions. 
d. Lysosomes: Proportion of ce11 sections in which virai material is being digested 

in lysosomes. 
ND Not Done 



Table 5.3, Electro~heroty~es and transmembrane transport cri~ability of Tl 
Lan~/tsA279 remsortants at the restrictive temperature. 

Gene Segments 

CLONE L1 L2 L3 M l  M2 M3 S 1  S2 S3 S4 

A. No trammembrane transport. 

tsA 2 79 A A A A A A A A A A 

LA279 -56 1 1 1 1 A 1 1 1 1 1 

B. Transport across lysosomal membranes 

T1L 1 1 1 1 1 1 1 1 1 1 

LA279.11 A A A A 1 A A A A 1 

LA279.39 A A 1 1 1 A 1 1 1 1 

0: Dznotes parental origin of  gene; 1: TlLang; A: tsA279 

?: Phenotypic 1 nonphenotypic = numbrr of gene segments donated by the phenotypic 
parent / gene segments donated by the non phenotypic parent 



b. Confirmin~ the blockade in tnnsrnembrane trans~ort. 

An excess of neutralizing antibody was added to restrictive temperature cultures of the 

ts M2 monoreassortant LA279.56 at 6 hours post attachment to confirm that viral product 

observed in cytoplasmic vesicles Iate in infection was the result of a defect in 

transmembrane transport of restrictively assembled particles during a secondary round 

of infection. Aliquots were collected at 18, 24, 36 and 48 hours post infection and 

processed for thin section electron microscopy as already described. Vinons were 

observed in endosomes in 2.5% of al1 ce11 sections examined at 18 hours post infection. 

No virions were observed in endosomes at Iater times post infection. There was no 

evidence of degrading viral product in cytoplasmic vesicles in ce11 sections from the 

antibody treated restrictive cultures of LA279 -56 (Figure 5.4). 

c. Transmembnne transoort of tsA279 virions ~roduced at aermissive 

tem~erature. 

Infections conducted at restrictive temperatures with permissively assembled T 1 L and 

tsA2 79 at an MOI of 15,000 particleslcell showed normal attachment and uptake of virus. 

Virions were observed in the cytosol of infected cells within 30 minutes post attachment 

with both wild type and rs clones. There was no evidence of digestion of virions in 

lysosomal bodies with either the TIL  or the tsA279 infections after 4 hours post infection 

at restrictive temperature (Figure 5.5) . 



O 12 24 36 48 

Tirne after attachment (hrs) 

Figure 5.4. Examination for accumulation of virions in endocvtotic vesicles after 
treatment of restrictive cultures with antiserum to whole reovirus. 

L929 cells were infected with the monoreassortant mutant MZ clone LA279.56 and 
incubated at 40°C. Anti-whole reovirus antiserum was added 6 hours after attachment 
to prevent attachment and uptake of progeny assembled under restrictive conditions. 
Samples were collected and evaluated by thin section microscopy as described (Chapter 
5.4.b). (+), LA279 .S6 cultures not treated with antisenim; ( ) , L~279 .S6 cultures 
treated with antiserum 6 hours after attachment. 



Figure 5.5 Thin section restrictive tem~erature t ransmembrane tnnsoort of 
tsA279 assembled at 32OC. 

L929 cells were infected ai an MOI of 15,000 permissively assembled vinons per ce11 
from a tsA2 79 P3 culture incubated at 3 2 T ,  and incubated in suspension at 39.S°C. At 
4 hours post infection the infecting permissively assembled virus (Arrow) is seen in the 
cytosol (C) after transport across the lysosomal membrane (m). Magnification, 
100,000~; bar represents 100nm. 



5. Identification of the lesions associated with the ts ~henotvpe in the hl2 Fene 

semnent of tsA2 79. 

RT-PCR preparation and amplification of M2 cDNA from both T3D and rsA279 provided 

a cDNA fragment of approximately 2200 base pairs. Endonuciease digestions of the 

product with Barn HI, Eco RI, Hind III , and Pst 1 provided cleavage products of the 

predicted sizes for the M2 cDNA prepared from both T3D and rsA279. Analysis of the 

sequence for the rsA279 M2 gene segment identifid 4 point mutations as compared to 

the sequence: C945+Tws; C972-fTw; C1046-tA2046; and G?oss+A~oss (Figure 5.6). 

niese result in changes in the amino acid sequence from P306-rS306, P315-+%~5, 

P673+T673, and E687-+K687. In addition, the clone of T3D used in these studies differed 

from the reported sequence (Jayasuriya et al, 1988, Wiener and Joklik, 1988) with 

Tzo6742067, resulting in a change of P68wS680. (Figure 5.7). The clone of rsA279 

which was sequenced contained a C at base 2067, making its amino acid sequence at that 

base a proline, the same as reported for the wild type parent T3D (Jayasuriya ef al, 

1988, Wiener and Joklik, 1988). 

6. Proteolvtic cleavage of restricfively assembled tsA279 virions. 

Kinetic studies of proteolytic digestion with trypsin showed no change iri the rate at 

which cr3 was totally removed and pl  was cleaved to 6 and 6 for permissive and 

restrictive mutant virions and permissive T3D. In al1 cases the total removal of 03 and 

initial appearance of 6 and + was virtuaily instantaneous. When the different types of 

virions were subjected to chymotrypsin digestion at 32OC the kinetics of loss for 03 was 



Figure 5.6. cDNA seouence for the M2 gene sepment of reovirus T3D and 
temoerature sensitive mutant tsA279. 

The cDNA nucleotide sequence of the M2 gene segment of reovirus serotype 3 as 
determined by RT-PCR sequencing is listed. The sequence for the temperature sensitive 
mutant tsA279 is shown below, with identical nucleotides shown as dashes (-). The 
sequence of the mutant is shown starting and ending with the bases for the primers used 
in the initial reverse transcriptase copying of the genomic dsRNA. 



Figure 5.6. çDNA seauence for the M t  eene sepment o f  reovirus T3D and 
temoerature sensitive mutant tsA279. 

Clone Base Squmce 

T3D 1 gctaatctgc tgaccgttac tctgcaaaga tgggqaocgc ttcctctatc gttcogocgo 
i d 2  79 _ - - - - -  - - - - - - _ - - -  - - - - - - - - - -  - _ - - _ _ _ _ _ _  

T3D 181 ttggagatga gacatctgtg acttcaccag gcgcattacg tcgaatgacg tcaoaggaca 
trc1279 - - * - - _ _ _ _ _  _ _ _ _ _ _ _ _ * _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ * _ _  _ _ _ _ _ _ _ _ _ _  

n D  241 tcccggaaac ggcaataatc aacacaqaca attcatcagg cgccgtgcca agcgaatcog 
tuf279 - - - - - - - - _ -  _ _ _ _ - * * _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

T3D 301 cqcttqtgcc ctacatcgot gagccgctqg tagtqqttac aqagcatqct attoccaact 
U t 7 9  - - - _ - _ _ - _ _  _ - - - _ _ _ _ - _  _ _ _ _ _ _ _ _ _ _  * _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  - - -  _ _ - - - _ _  

T3D 361 tcaccaaogc tqogatggca cttgoattca otcgtqogtt ccttgacaag atgcgtgtgc 
&A279 - - - _ - - _ - - _  _ - _ - _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

T3D 921 tgtcagtgtc accaaaatat tcgqotcttc tgacctatgt tgactgctac gtcggtgtgt 
tsr1279 - - - - _ _ _ _ _ _  - _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ -  _ C _ _ 3 _ _ _ _ _  

T3D 481 ctgctcgtca ggctttaaac oattttcaga oacaagtgcc tgtgottoca cctactoggc 
&.I 2 79 - - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  L _ _ _ _ _ _ _ _ _  - - - - - - - - - -  

T3D 541 agacgatgta tgtcgactcg atocaagcqg ccttgaaagc tttagaaaaq tgggogattg 
d 2 7 9  - - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

T3D 601 atctgagagt ggctcaaacg ttgctgccta cqoacgttcc gattggagao gtctcttgtc 
t d  2 79 - - - - - - _ _ _ _  _ - - _ - _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  - - - - - * - _ - -  

T3D 661 caatqcaqtc ggtaqtgaoa ctgctggatg atcagctgcc agotgacacg ctgatacgga 
&A279 - - - - - - _ - _ _  - _ _ - _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ * - _ _ _ _ * _ _  _ _ _ _ _ - _ _ _ _  - - - - - - - _ - -  

T3D 721 gqtatcccaa ggaagccgcc gtcgctttgg ctaaacqaaa cgggggaata caatggatgq 
tsc1279 - - - _ - - - _ _ _  - - _ - _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

n D  841 caccttcagc atcaqcccca cccttagaag ogaagtcaaa qttooccgaa caagcgotgg 
rY12 79 - - - _ - - - - - _  _ - _ _ _ _ _ _ _ _  _ _ _ _ ) _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

Continuai 1-19 



Figure 5.6 (continued) 

Clone Base Sequence 

gcqaatgatt ccaaaatcaa tgaacacacc ttttcaaatc caggtgactg 
- - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ C _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
aactaattgg cotctcaatt tgagggqggg qactcgtqra gtgaatctgg 
- - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

tccgatgcgg tttgtattaq atttaggggg aaaqagttat aaagagacga 
- - - - - - _ _ - _  _ _ _ _ _ _ _ _ * _  _ _ _ _ _ _ _ _ _ _  * _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

aaacggcaaq aaggtcggat tcatcgtttt tcaatcgaag ataccattcg 
- - - _ _ - - _ _ _  _ _ * _ _ _ _ _ _ _  _ - _ - - - _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

tgctgcttca cagatcggtc aagccacgqt ggttaactat qtccaactat 
- - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ C _ _ _  

cagctcattt accgcgcagt ctatcottgc tactacctct ttggcttata 
- - - - - - - _ - _  _ _ _ _ _ _ _ _ _ _  _ - _ - - - - - _ _  _ _ _ _ _ _ _ _ _ _  - _ _ _ _ _ _ _ _ _  

tqaqcagttg aataagactq accctçagat qootta:tut cttttggcga 
- - - - - - _ _ - _  _ _ _ _ _ _ _ _ _ _  _ - _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

ctcagccgct ataacgccaa cgaatatçac acagcctqat gtttgggatg 
- - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ - _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

gatgtcccca ctatcogctg gcgaggtgac ogtqaagggt gcggtagtgo 
- - - - - - - - - _  _ _ _ _ _ _ _ _ _ +  _ - _ - _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
ccctgcagac ttqataggto gctacactcc agaatcccta aacgcctcac 
- - _ _ _ - _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

tgctgctaga tgcatgatcg atagagcttc qaagatagcc gaagcaatca 
- - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ * _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

tqatgctgqa ccagatgaat attccccaaa ctctgtacca attcaaggtc 
- - - _ - _ _ _ _ -  * _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

ctcgcaactc gaaactggat atgqtgtqcq aatattcaac cctaaaggga 
- - - - - - - - - -  - _ _ _ _ _ _ _ - -  - - _ - - _ _ - _ _  * - - _ * _ _ _ _ _  _ _ _ - _ - - _ _ -  

aattgcatct agggcaatgc aggctttcat tggtgacccg aqcacaatca 
- - - _ _ _ _ _ - _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

ggcgccagtg ttatcagaca aqaatoattg gattqcattq gcacaggqaq 
- - - * - - _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

tctgcgtact aaaagtctat cagcqgqagt qaagactgca gtgaqtaagc 
- - - _ _ _ _ _ _ _  _ _ _ _ _ C _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
tgagtctatc cagaattgga ctcaagqatt cttgqataaa gtgtcagcqc 
* - - - - - - - - _  _ _ _ _ _ _ _ _ _ _  _ - _ _ _ _ _ - - _  - - - _ _ _ _ _ _ _  _ _ _ _ * - - - - -  

accaaagccc gattgttcga ctagcggoga tagtggtqaa tcgtctaatc 
- - - - - - - - - -  - - - * -  - C - ' -  "-"'-"- ' - - - - -  -a-- O - - - ' - - ' -  

gctgggatcc 
------- . . - -  

ccttgctgac 
- - - - - - - - - -  

attttccagc 
- - - -  -a- - - - 

Continued f 36f 



Figure 5.6 (continued) 

Clone Base Squence 

T3D 2101 gccgagtgaa qcqcgactca tacgcaqqag tggtcaaacq tggqtacaca cqttaggccg 
rY1279 - - _ _ _ _ _ _ - -  _ _ _ _ _ _ - _ _ _  - - - _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ * _  

T3D 2161 ctcgccctgg tqacgcgggq ttaagggatg cogqcoaatc atc 
&A279 - - _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  



figure 5.7. Amino acid seauence for the u l   rotei in of reovirus T3D and fsA279. 

The amino acid sequence of the major outer capsid protein p l  of reovirus serotype 3 
generated by translation of the RT-PCR sequence with the program EditSeq (DNAStar). 
The sequence for the pl protein of the temperature sensitive mutant rsA279 is s h o w  
below, with identical amino acids shown as dashes (-). 



Clone Residue Sequence 

KPSLETSSTA 
- - - - - - - - - -  

FISSGA r P S E S  
- - - - - - - - - -  

L T  I'JDCY1iG'I 
- - - - - - - - - -  

TFI'VP 1 G E V S C  
- - - - - - - - - -  

A'JNAVAASPL 
- - - - - - - - - *  

' i E l i R T L R  I O E  
- - - - - - - - * -  

DLGGKS'f  KET 
- - - - - - - - - -  

S I  I J T T S L 2 1  
- - - - - - - - - -  

G E ' i  T V K G 3  .' i 
- - - - - - - - - -  

i B P r l S  i?  1 O G  
- - - - * - - a - -  

kNPiW I A L A Q G  
- - - - - - - - - -  

TSGDSGESSPI 
- - - - - -  K - - -  

vGOETS'J TSP 
- - - - - - - - - -  

O'JSEGT'JMNE 

DEI TGTNWHLEJ 
- - - - - - - - - -  

TOGFLDK ; S i  
- - - - - - - - - -  



shifted from 1.25 minutes with T3D to 2.17 and 1.67 minutes for permissive and 

restrictive fsA279 virions, respectively. There was a trend towards later initial cleavage 

of pl to 6 and t$ with both permissive and restrictive mutant vinons (Table 5.4). There 

appeared to be residual levels of pl which were not cleaved to 6 and @ even after one 

hour of digestion (Figure 5.8). 

7. Growth curves for infection with the mutant tsA279 clone at oermissive and 

restrictive tem~eratures. 

Evaluation of 32OC cultures showed a brief lag phase of approximately 12 hours, 

foliowed by exponential increase in the arnount of recoverable infective virus until 48 

hours post infection, after which time the rate of increase in viral titre dechned. Electron 

microscopie evaluation demonstrated cytoplasmic inclusions in more than 40% of the 

cells at the end of the lag phase. The proportion of cells with viral inclusions increased 

gradually until 60 hours post infection, at which time every ce11 was infected and 

maximal titres achieved (Figure 5.9, Table 5.1). 

In contrast, restrictive temperature infections showed a brief lag phase followed by a 

slight increase in recoverable infectious virus to just above the input load. The titre of 

recoverable infective virus attained a peak below input at 24 hours and then declined by 

up to one order of magnitude at 72 hours post infection. Thin section electron 

microscopy demonsinted infections in approximately 12% of cells viewed at 12 hours 

p s t  infection. The presence of cytoplasmic inclusions decreased to 1 % of cells 



Table 5.4 Roteolytic digest ion kinet ics? of tsA279. 

Chymotrypsin Trypsin 

Assembly Removal Appearance Removal Appearance 
Condi tionsb of a3 of 6 of a3 of 6 

T3D Permissive 1.25(0.54)'.' 1.42(0.66) 0.00' 0.00 

tsA2 79 Permissive 2.17(0.24) 1.58(0.12) 0.00 0.00 

tsA2 79 Restrictive 1.67(0.12) 1.83(0.47) 0.00 0.00 

a. Digestions done at 32OC. 
b. Assembly conditions: Permissive = culture and assernbly at 32OC, Restrictive 

= culture and assembly at 40°C. 
c. Time in Minutes, Standard deviation in parentheses. 
d. Chyrnotrypsin data the results of three separate experiments. 
e. Trypsin data the results of two separate experiments. 



A. T3D permissively assembled virions 

B.  fsA2 79 permissively assembled virions 

C .  tsA2 79 restrictivdy assembled virions 

Figure 5.8. C h v m o t q ~ s i n  digests of T3D. oermissivelv nssembled fsA279 and 
restrictivelv assem bled tsA2 79. 

T3D virions assembled at permissive temperature and tsA279 mutant vinons assembled at 
both permissive and restrictive temperatures were digested at 32°C with a-chymotrypsin, 
sampled as indicated and the digestion process stopped by simultaneous addition of PMSF 
and immersion into wet ice bath. The proteins were suspended in electrophoresis buffer and 
separated by SDS-PAGE as indicated (Chapter 2.7.d. & 0. Control samples (C) were treated 
the same as the O time samples with the exception that no a-chymotrypsin was added. 
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Figure 5.9 
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Growth curve of tsA279 and electron rnicroscopic evidence of 
infection at ~erm'rssive and restrictive tern~eratures. 

L929 cells were infected and incubated as described in Figure 5.1. Aliquots were taken 
at indicated times, titered, and examined for evidence of infection by thin-section electron 
microscopy. Infected cells are expressed as the proponion of cells showing infection in 
the plane of section; virus titre is expressed as PFUlcell. Infected cells (*) and 
infectious titre ( ) at 32°C; infected cells (0) and infectious titre (+) at 39S0C. 



examined by 36 hours post infection, after which there was no evidence of cytoplasmic 

inclusions (Table 5.1). 

8. Identification of assemblv intermediate structures ~roduced by tsA279. 

a. Culture of monolavers and preoaration for evaluation. 

Cell monolayers were prepared in 24 well cluster dishes, infected at hf0Is of 5 and 50 

PNlceU with T1L or isA279, and incubated at a restrictive temperature of 40°C as 

descnbed in Chapter 2, Materials and Methods. Alternatively, infections were prepared 

at an MOI of 5 PFUlcell with a panel of TlL x rsA279 reassortant clones containing only 

the mutant L2 gene, only the mutant M2 gene, both mutant L2 and M2 genes, or neither 

of the mutant L2 or M2 genes, and incubated at a restrictive temperature of 40°C. 

Lysates were prepared by freezelthaw , the crude cellular debris cleared , the particles 

stabilized with glutaraldehyde, and centrifuged directly to formvar-carbon coated grids 

and stained with PTA as described in Chapter 2.10. The pelleted material was evaluated 

in a Philips mode1 201 electron microscope at a machine magnification of 20,000~ using 

a binocular focusing scope (final magnification of evaluation 95,00Ox), and the 

proportion of particles determined by direct count as described (Hamrnond er al, 1981; 

Chapter 2.4.b, above). Statistical evaluation of the production of the assembly 

intermediates was performed using a standard X2 test with Yate's correction. 

b. The assemblv intermediates ~roduced at restrictive temoeratures. 

Preliminary evaluation from direct particle counts of whole ce11 lysates indicated that 



there was essentidly no difference in the distribution of particles produced at MOIS of 

5 or 50 PFUJcell at either permissive or restrictive temperature. Therefore, the analyses 

were done using infections with an MOI of 5 PFUkell. The predominant structural form 

produced at 32OC by both tsA279 and T3D was the genome complete whole virus particle 

(whole particles) (diameter approximately 80nm) after both 36 and 72 hours, followed 

by top component (diameter approximately 8Onm). For tsA27.9 the next most common 

structures produced by al1 but one infection at both time frames were outer shell 

structures (outer shells) (diameter approximately 90nm) followed by core particles 

(diameter approximately SOnm), both with and without the h2 peniameric spikes. One 

36 hour infection produced a relatively high proportion of core particles (sample 3, 

3.35%), raising the overall proportion of this class of particles for this time frame. T3D 

produced a lesser proportion of shells at 36 hours than at 72 hours and a higher 

proportion of core particles, complete with A2 pentameric spikes, at 36 hours than was 

evident at 72 houn. As with tsA279, the higher values at 36 hours post infection were 

attributabk to one sample with a high proportion of cores relative to the other species 

of assembly intermediates visuaiized (Table 5.5) . 

The distribution of whole virions and assembly intermediates produced in infections of 

both tsA279 and T3D which were incubated at a restrictive temperature of 40°C differed 

from that seen at the permissive temperature. The most common component was still 

whole virus after both 36 and 72 hours. The proportion of top component remained 

relatively stable with tsA279 at the restrictive temperature as cornpared to permissive 
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temperature. T3D showed a relatively large increase in this structure at both times. The 

proportion of outer shell structures decreased slightly for tsA279 at both 36 and 72 hours 

but increased in al1 samples of T3D. The proportion of core particles produced by 

tsA279 at the restrictive temperature increased one to two orders of magnitude at both 

36 and 72 hours. The proportion of core particles produced for parental T3D was 

slightly reduced at 36 hours but increased by 72 hours (Table 5.5). 

A new species of particle, a core particle which appeared deficient in the X2 pentamenc 

spikes, was observed in cultures of tsA279 at 40°C (Figure 5.10A). Core particles 

produced under permissive growth conditions for both T3D and isA279, and at restrictive 

temperature for T3D clearly demonstrated the presence of A2 pentameric spikes. Core 

particles produced at restrictive temperature conditions by tsA279 appeared to have 

fewer, if any A2 pentameric spikes (Figure 5.10A). To confirm the identity of the X2 

pentameric spike deficient particles polycional rabbit anti-reovims IgG was conjugated 

to a 12nm colloidal gold probe as described in Chapter 2. Mole ceIl fractions which 

had been cleared of ce11 debns, fixed with 0.1 % glutaraldehyde in MEM, and centrifuged 

directly to 400 mesh formvar-carbon grids, were reacted with the gold labeled antibody 

preparation, stained with PTA and evaluated electron microscopically. The go1d:anti 

reovirus probe showed clear reaction with al1 species of subviral and viral structures 

previously identified, including the X2 spike deficient core particles (Figure 5.  LOB). 



Figure 5.10 Nepative stain and immunopold labeiled A2 spike deficient core 
particles oroduced at restrictive temperat ure. 

(A) Restrictive temperature cytoplasmic extracts were centrifuged directly to electron 
microscope gnds and negatively stained with PTA as descnbed (Chapters 2.4b,c, 6.8) 
(B) Same as (A) except gnd samples were immuno-labelled (12nm gold) before negative 
staining. Arrows indicate core particles. Magnification 100,000~; bars represent 100nm. 



9. Protein com~osition of the assemblv intermediates oroduced at restrictive 

tem~eratures. 

Scintillation count data from radiolabelled cultures of permissive and restrictive 

radiolabelled cultures showed single clear peaks of radioactivity at a density of 1.33- 

1.35gmlml CsCl. No individual peaks of activity could be identified in fractions of 

lower density (Figure 5.1 1). Negative stain electron microscopic examination of 

fractions after direct centrifugation to carbon-formvar coated copper grids revealed 

complete virions in the peaks (Figure 5.12.A. 1). Intermediate assembly structures were 

identified in fractions of lower densities, with the A2 spike deficient core like particles, 

and outer shells being found at densities ranging between 1.26 and 1.29gmhl. These 

structures were genome deficient and were usually isolated in fractions which con'ained 

minimal amounts of top component structures (Figure 5.12.A.2 and 3). The spike 

deficient core particle also demonstrated the charactenstic apical cavity reported in earlier 

structures (Figure 5.12.A.2) (Yin et al, in submission). No core like structures 

containing genome were found in hipher density fractions. 

Protein anaiysis of the fractions by SDS-PAGE using the TGU gel system(Chapter 2.7. f) 

indicated that both the A2 spike deficient cores and the outer shells were deficient for the 

X2 protein. In addition, the minor core protein p2 was either missing or had an altered 

rate of electrophoretic migration (Figure 5.12. B). Western blot analysis of parallel 

electrophoretic separations using high titre polyclonal antibody specific to the p2 protein, 

in combination with high titre polyclonal antiserum to reovims T3D, indicated that levels 
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Figure 5.11 Cesium chloride fractionation of restrictive temperature cultures for 
tsA279. 

L929 cells were infected, and viral proteins labeled with "s-~ethionine du ring culture 
at 40°C. Ce11 pellet membranes were solubilized with desoxycholate, the samples 
extracted two times with genetron, the viral components separated on preformed CsCL 
gradients, and fractionated. The density of each fraction was determined from the 
refractive index and aliquots were counted for radioactivity as descnbed (Chapters 2.2h, 
2.6.b, 2.7b). (a), Radioactivity in cpmllopl; (+), Fraction density in gmlcm3. 



Figure 5.U. Analvsis of the  rotei in com~osition of assemblv structures ~roduced 
bv tsA279 at restrictive tem~erature. 

L929 cells were infected with &A279 and incubated in suspension culîure in the presence 
of 35~-~ethionine at 40°C. The ceIl pellets were extracted with Genetron, the viral 
structures separated by CsCl buoyant density centrifugation, and the CsCl gradients 
fractionated, all as described (Chapter 5.9). 

A. Electron micrographs of representative particles found in: (1 .) gradient fraction 15, 
whole virus; (2.) gradient fraction 18, A2 spike deficient core particles; and (3 .) Gradient 
fiaction 19, outer shell structures. Note the apical cavity present in the spike defective 
core (arrow)(5.12.A.2). Magnification = 100,000x, bar = 100nm. 

B. Fluorogram of TGU polyacrylamide electrophoresis gel which was loaded with 

gradient fraction volumes adjusted to provide 15,000cpm per lane (Chapter 2.7.f.2). The 
gel was prepared from the same samples shown in 5.12.A. Note the absence of A2 in 

fractions 18 and 19, which are composed primarily of core particles (Fraction 18) and 
outer shells (Fraction 19), with a small amount of top cornponent (5.12.A.3). T3: 

permissively assembled CsCl purified virions of T3Dearing. A: Permissively assembled, 

CsCl purified virions of tsA279. 

C. Immunoblot of a TGU gel run in parallel with and using the sarne samples as the gel 
shown in 5.12.B. The gel was probed by both whole antireovinis antiserum and high 
titre anti p2. Note the intense reaction of anti p2 in the permissively assembled tsA279, 
and absence of reaction in the remaining lanes. The anti whole reovinis shows weak 
reaction to X2 in the control lane, but no reaction to X2 in the remaining lanes. Anti 

whole reovirus antiserum reacts to pl and 03 in both fractions 18 and 19. M: marker 

lane. 



A. Reovirus structures produced bv tsA279 at restrictive temperatures 

1. Fraction 15, whole vims 2. Fraction 18, spikelcss cotes 3. Fraction 19, outer sheh 

B. Protein composition of restrictive C. Immunoblot analvsis of restrictive 
intermediates produced by &A279 intermediates produced by tsA279. 

Fraction Fraction 

al- 



of p2, were negligible (Figure 5.12.C). Amrnpts to further separate outer sheiis from 

spike defective cores by rate zona1 centrifugation expenenced marginal success. To 

confirm the reduction in copy numbers of A2 and 82 present in the core like particles, 

laser densitometric sans of Buorograms were analyzed. The number of cysteines and 

methionines contributed b y each structural protein to whole virions, intermediate s u b W  

particles and core particles was determined by multiplying the copy number of the 

protein in the structure by the number of cysteines and methionines present in one copy 

of the relevant protein. The copy number of residues conmbuted by each protein was 

then standardized to the proportion of residues contnbuted by the major core protein A1 

(Table 5.6). The signai for 11 was determined for each fraction and used to determine 

the predicted signal for the remaining structural proteins in that fraction. The actwl 

signal for each protein was then expressed as a proportion of the predicted signal (Table 

5.7). There was no significant difference between permissively assembled T3D and both 

permissively and restrictive1 y assembled tsA2 79 whole virions. However, the levels of 

h2 and p2 present in the fractions containing core structures was reduced to 

approximately 2% and 596, respectively, of the levels of these proteins anticipated to be 

found in complete core particles cable 5.7). These values represent approximately one 

copy of each protein per spike defective core. The arnount of these proteins may be 

attributed to the low levels of contarninating top component found in the fractions of 

some cul hires. 



Table 5.6 R ~ t u u l  I i v  n m ~roteifo in reeviinreovinis virions 

Relative Proportion 

Copies Proteina Copies Cysteine and Methionine Cysteine and Methionineb 

Protein MW Virus Core Moleculec Viriond Core Virion Core 

plllc 76.3 600 600 22 13200 13200 2. O 2.0 

a. From Dryden et al, 1993. 
b. Relative proportion cysteine and methionine in each structure is normalized to the total copy number of cysteine 

and rnethionine in the X1 protein by the following formula: {(copies C and M for the protein )x(copies of the 
protein)} + {(copies C and M in h l)x(Copies h 1)). 

c. From published sequence data as per: hl,  Bartlett and Jokiik, 1988; X2. Seleger et al, 1987; X3, Weiner and 
Jokiik, 1988,; p 1, Jayasuriya et al, 1988; p2, Weiner et al, 1989; al ,  Bassel-Duby et al, 1985; 02, Dermody et 
al, 1991; and 03, Giantini et al, 1984. 

d. Total cysteine and methionine in the structure for each protein obtained by the following formula (total C and M 
in the protein)x(Copies protein). 

e. Copy numbers of p2 from Coombs, 1998a. 



Table 5.7 Relative Amounts of Proteins Present in Permissivelv and Restrictively 

Assembled tsA279 Virions and Intermediate Structures.' 

Permissive 

T3D tsA279 Restrictive1 y Assembled tsA2 79 

Protein Virions Virions Virions Core Fractions 

a. Al1 values calculated frorn 3 to 4 separate infections. 

b. Ali values expressed as percent of predicted quantity with the standard 

deviation of the mean of replicate cultures shown in parenthesis. 

c. Inkgration values for 11 expresseci as 100% of expected value. valu4 for 

other proteins s d e d  to the X I  values. 

d. Values for al were not determined. 

e. t72 and a3 were analysai jointly due to insufficient resoluîion in the TGU gel 

systern for scan analysis. 



10. M ~ D D ~ ~ P  the eene lesions associated with the assernblv intermediates ~roduced 

pt restrictive temmratures. 

Particle counts for the panel of reassortant clones segregating the mutant U and M2 gene 

segments showed that the L2 gene segment was responsible for the blockade in assembly 

resdting in the h2 spike deficient core particle. This blockade occuned both in the 

presence and the absence of the mutant M2 gene segment. Cultures of reassortant clones 

with the mutant M2 gene segment, in the absence of the mutant L2 gene segment, 

demonstrateci an accumulation of top component. These clones contained a negligible 

proportion of core particles, both with and deficient for the X2 spike. The clones with 

both the L2 and M2 gene segments from the wild type parent T1L showed a distribution 

of particle species sirnilar to that seen with T3D and permissive cultures of tsA279, 

(Table 5.2, Table 5.8). Analysis of the electropherotypes for the panel of reassortant 

clones analyzed associates the production of the X2 spike deficient core particle with the 

L2 and S3 gene segments. The S3 segment codes for the non-structural protein pNS. 

The possible role of the non structural protein pNS in assembly of a X2 spike deficient 

core particle cannot be completely discounted since it is synthesized in relatively large 

arnounts dunng the viral life cycle (Schiff and Fields, 1990). Further, this protein has 

been associated with the cytoskeleton of infected cells and may play a role in anchoring 

viral structures to the ce11 matrix dunng assembly (Mora et al, 1987). Finally, co- 

precipitation studies have indicated that pNS interacts with oNS and viral ssRNA early 

in the replication cycle (Antczak and Joklik, 1992). The production of top component 

was associated with the mutant M2 gene (Table 5.9). Conversely, the reassortant clone 



Table 5,8, a ~ d n e  the assemblv intermediate oarticles ~roduced bv TlLendtsA279 mssortants at the restrictive 
temwratures, 

Proportion of Particle' 

Gene Total Total TOP Outer Core Particles 

Segments Clone Particles' Particles/mlb Virion Compunen t Shell With XS No X2 

Mutant L2 & M2 
tsA2 79 1209 

LA279.08 5768 

Mutant L2, T1L M2 
LA279.11 6415 
LA279.76 1144 

TIL L2, Mutant M2 
LA279. IO 1603 
LA279.56 2689 

TIL L2, TIL M2 
LA279.15 10554 

T1L 4965 

a. Total number of viral and subvirai particles counted. 
b. Total particles in the ce11 lysates, calculated as previously describeci (Hammond er al, 1981). 
c. Proportions of indicated particles, expressed as percentages of the total number of particles produced. 



Table 5.9. Eiectro~herotv~es and assemblv intermediate partides ~roduced bv TlLang 
x tsA279 reassortrtnts rit the restrictive tem~erriture, 

Gene Segments 

CLONE L1 L2 L3 M l  M2 M3 S 1  S2 S3 S4 

A. A2 spike deficient core partide 

&SA279 A A A A A A A A A A 

LA279 .O8 1 A 1 A A A A A A A 

LA279.76 A A 1 L 1 1 1 1 A A 

LA279.11 A A A A 1 A A A A 1 

B. Top Component 

LA279.10 A 1 1 1 A A 1 A A A 

LA279 .S6 1 1 1 1 A 1 1 1 1 1 

p.- - -  - . 

O: Denotes parental origin of gene; 1 : TlLang; A: tsA279 



LA279.10, which contains a mutant S3 but wild type L2 gene segment, does not make 

spike defective cores, suggesting that the gene segment is not associateci with this 

phenotype. 

11. Immunofluorescent microscor>v of mrmissive and restrictive temnerature 

culhtres. 

In order to determine the production of viral proteins at permissive and restrictive 

temperatures monolayers were infected, fixed, reacted against rabbit anti-whole reovinis 

polyclonal antibody , and developed with rhodamine conj ugated goat an ti-rabbit IgG. The 

monolayers were examined by immunofluorescent microscope and evduated in 

accordance with the 4 stage system described (Chapter 2.5, 4. l .c). 

T3D infections showed little evidence of infection after incubation at 32OC for 6 hours. 

Those ceils which demonstrated evidence of infection had fine granular points of 

fluorescence in the cytoplasm (Stage 1). By 12 houn fluorescing viral inclusions were 

Iarger, with some reticulate appearance (Stage 2). Some cells showed perinuclear 

condensation of fluorescence (Stage 3) and a few cells gave no appearance of infection. 

By 48 hours essentially al1 cells were infecte. with most showing diffuse fluorescence 

throughout the cytoplasm (Stage 4) (Figure 5.13.A). At 40°C most cells infected with 

T3D initially progressed more rapidly than the paralle1 permissive infections, with most 

cells attaining an advanceci stage 1 after 6 houa. The infection progresseci rapidly U> 

stage 3 in most cells by 12 hours. After 12 hours the progress of infection to stage 4 



Figure 5.13. Immunofluorescen t and phase contrast microsco~v of uermissive and restrictive 
tem~erature infections of wild-tyoe T3D (A-Dl and tsA279 WH). 

Subconfluent monolayrrs were infected at an MOI of 10 PFU per ce11 and incubated at 32°C 
(A,C,E,G) and 40°C (B,D,F,H) for 48 hours. Calls were treated with rabbit anti-reovinis 
hyperimrnune serum, devzloped with rhodamine-conjugated anti-rabbit serum, and viewed and 
photographed with tluorescent and phase contrasr microscopy. 



was slower than at 32OC, and fewer cells reached stage 4 level of infection after 48 hours 

(Figure 5.13B). Parallel phase contrast micrographs showed most cells were no longer 

viable (Figure 5.13.C, D). 

Cells which were infected with t.279 progressed through the stages of infection more 

slowly at 32OC than did those which were infected with T3D. After 6 hours most c d s  

showed no sign of infection, those that did showed pinpoints of fluorescence, as would 

be expected at an early stage 1 level of infection. By 18 hours the majority of cells were 

infected and had advanced to either stage 2 or 3. The infections rarely progressed past 

the third stage of infection even after 48 hours. However, every ce11 examined displayed 

evidence of infection by that time (Figure 5.13.E). At a restrictive temperature of 40°C 

pamllel infections with mutant fsA279 showed pinpoint levels of fluorescence after 6 

hours (early stage 1). Most cells showed no evidence of fluorescence above background. 

A few cells were at a late stage 2 level after 24 hours, but most cells were still 

uninfected. By 48 hours most cells demonstrated background levels of staining. A small 

proportion of cells (10.62%) demonstrated weak stage 1 or stage 2 levels of fluorescence 

(Figure 5.13.F). 

12. Evaluation of the ~roduction of dsRNA, 

L929 monolayers were infected with T3D, wl201, tsA279, tsB405. and tsE320, labeled 

with '90i3, and the dsRNA segments were resolved by SDS-PAGE (Chapters 2.6a, 

2.7a, h, 5.1. b). After ethidium brornide staining to confirm the presence of dsRNA the 



gels were dried and autoradiographeci using Kodak X-Ray film. 

Infections with the parental T3D clone showed production of dsRNA at the permissive 

temperature of 32OC and at all restrictive temperatures. The mutant clone tsA279 also 

demonstrated the production of dsRNA at al1 temperatures tested. The mutant clone 

repeatedly produced more dsRNA than did the parental wild type T3D clone at each 

restrictive temperature (Figure 4.2). At restrictive temperatures the previously identified 

dsRNA positive control mutants fsA2Ol and tsB405 produced reduced levels of dsRNA 

relative to the levels attained by the parental T3D clone. The dsRNA negative mutant 

tsE320 produced no dsRNA at restrictive temperatures, as previously reported (Cross and 

Fields, 1972). 

13. Discussion 

Ultrastructural examination of infected cells grown at the restrictive temperature 

suggested restrictive cultures of fsA279 were rapidly cleared of infection (Table 5.1). 

If each ce11 contained one smdl cytoplasmic inclusion with a diameter as little as lpm, 

the thickness of a thin section is assumed to be 60nm, and the average diameter of an 

L929 ceIl is approxirnately IOpm, as measured in thin sections, then at least 6% of the 

ceils viewed would show evidence of infection in the plane of section. Approximately 

12% of ail ce11 sections examined showed inclusions at 12 hours p s t  attachment, 

suggesting that every ce11 was infected and containeci at least one inclusion per cell. Cell 

culture populations increased almost threefold over 72 hours incubation at both 



permissive and restrictive temperatures, with 70% viability retained in the cultures 

(Figure 5.9). These characteristics are comparable to those of uninfected control 

cultures. Vertical transmission of infection by reovirus in L929 cells has been previously 

reported (Spendiove et al, 1963). Therefore, it is rearonable to expect that daughter cells 

in the expanding culture would show the presence of infection over the passage of time. 

However, by 48 hours incubation at restrictive temperatures no evidence of productive 

infection was found, suggesting that many cells may have cleared their infections. Three 

different mechanisms appeared to be responsible for the clearing phenornenon: 1 .) 

reduced production of viral encoded product; 2.) blockade in transmembrane transport; 

and 3.) the production of assembly intermediates. 

a. Reduced ~roduction of virallv encoded oroduct. 

Evidence for reduced production of viral product was first identified ultrastructurally by 

inclusions observed in restrictively cultured infections. These inclusions were small, 

loose, amorphous masses of viral product surrounding foci of condensed genomic 

material (Figure 5.1 .B) which never developed into the large ordered inclusions seen in 

permissive infections (Figure 5.1. C). Immunofluorescent microscopy provided additional 

support for this concIusion (Figure 5.13). While there was early evidence of infection 

in a smdl number of cells after 12 hours under restrictive conditions, by 48 hours post 

attachment the cells showed predominately small, pin point foci of fluorescence (Figure 

5.13.F), which was only marginally different from the appearance of uninfecteci control 

ceus. This differed from previous reports for prototype group A clone tsAZOI, using a 



restrictive temperature of 3g°C. Those reports showed perinuclear to diffuse whole cell 

fluorescence similar to the pattern observed with wild type and permissive temperature 

infetions (Fields er al., 197 1)- 

Two additional avenues of investigation provided evidence that viral product was 

reduced: 1.) the reduction in recoverable infectious virus over the time course of 

resîrictive temperature cultures (Table 5.1); and 2.) calculation of total particles/mI 

produd from direct particle counting of viral lysates (Miller a al., 1979, Harnmond 

et al., 1981). The reduction in total particles produced by the mutant at restrictive 

temperatures is approximately two orders of magnitude (T.able 5.5). 

The production of dsRNA provided conflicting evidence for reduced manufacture of viral 

encoded product. Previous studies indicated that the ts prototype mutants which produce 

dsRNA do so in quantities which are reduced relative to the Ievels seen with the wild 

type parental T3D strain (Cross and Fields, 1972). There was an apparent reduction in 

the overail amount of dsRNA produced by dl clones cuItured at non permissive 

temperatures, as indicated by the longer exposure times necessary for the fluorograrns 

(Figure 4.3). At the same time, these studies demonstrated increased production of 

dsRNA by the mutant tsA279 relative to the production levels observed with parallel wild 

type clones. Since the production of dsRNA is a positive marker for the production of 

ssRNA, these results indicated that the failure to produce progeny or viral product must 

reside in functions other than the replicase and polymerase activities of the mutant. 



Mapping of the gene segment responsible for this phenornenon has not been done as a 

part of these studies. 

b. The blockade in transmembrane trans~ort of restrictivelv assembled virions, 

The accumulation of virus in lysosomes, where it was digested (Figure S.lB,D, Figure 

5.3B) was evidence that the mutant tsA279 has a blockade in transmembrane transport 

at the restrictive temperature. During the course of infection progeny were produced by 

a smaii number of breakthrough infections which appeared normal electron 

rnicroscopically. These progeny were released into the cultures, attached to available 

ceils and were endocytosed. However, rather than transport across the reticulate 

membranes, these progeny remained in the lysosomal compartrnents, where they were 

degrade.. The appearance of a very weak stage 1 level of infection by 

immunofluorescent microscopic evaluation of restrictive infections after 48 hours 

incubation is consistent with the accumulation of virus in lysosomal compartments. 

High MOI infections made with permissively assembled progeny and incubated at the 

restrictive temperature were examined to determine whether the bloc kade in transport was 

a defect of progeny produced at any temperature and induced by the elevated temperature 

or was a defect of folding and assembly of progeny produced at the restricted 

temperature. There was evidence of transport across the membrane, and no evidence of 

accumulation and degradation of virus in lysosomes 4 hours after infection (Figure 5.5). 

This supported the hypothesis that the blockade was effected by the temperature at which 



folding of the mutant p 1 protein occurred. The ability of permissively arsembled mutant 

virions to transport across the cytoplasmic membrane suggested that the simple act of 

increasing the temperature of infection did not affect the ability of the p l  protein to 

unfold and interact with the host ce11 cytoplasmic membrane. Conversely, the 

modifications in folding inhibited the ability of restrictively produced p 1 protein to unfold 

and interact with the cytoplasmic membrane. This is consistent with reports by King and 

co-workers that P22 tailspike mutations were affected by the temperature at which the 

proteins onginaily fold, and that once folded the proteins were resistant to elevations in 

temperature (Sturtevant et al, 1989; Thomas et al, 1990; Yu and King, 1988). 

Eievated temperatures allowed rs lesions to be identified in the L2 and M2 gene segments 

of tsA279. Infections prepared and incubated at restrictive temperature frorn a panel of 

T1L x fsA279 reassortants which segregated the mutant L2 and M2 gene segments 

provided evidence that transport across the lysosomal membranes in the clones associated 

with the wild type M2 segment, and accumulation and degradation in lysosomes 

associated with the mutant M2 segment (Figure 5.3). thereby mapping the blockade in 

transmembrane transport to the lesion in gene segment M2 and its protein product, pl  

Fable 5.3). 

Reports have identified putative membrane insertion structures in the outer capsid protein 

pl: 1.) the myristate side chah at the amino terminus of plN, the 42 residue product of 

cleavage during assembly (Nibert et al, 1991b); 2.) the paired amphipathic a-helices 



nom residues 534 to 551 and 591 through 604, which flank the chymotrypsin and %sin 

cleavage sites at residues 581/582 and 584/585, respectively (Nibert and Fields, 1992); 

and 3.) the focus of net negative charge in +, the carboxy terminus fragment generated 

by chymotrypsin and trypsin proteolysis (Nibert and Fields, 1992; Hooper and Fields, 

1998). The M2 gene segment has dso been associated with trammembrane events 

(Lucia-Jandris er al, 1993, Tosteson er al, 1993). Findly, the M2 gene of two ethanol 

e s t a n t  mutants, one of rmvirus type 3 Abney (T3A) and one of T3D has been 

associated with reduced release of "Cr during infection. The reduction in release of 51Cr 

has been attnbuted to increased stability of the major outer capsid protein p 1, resulting 

in greater resistance to inactivation b y ethanol treatment (Hooper and Fields, 1996a). 

The first mutation region in the pl capsid protein of &A279 falls within the early part 

of the central region identified by Hooper and Fields (Hwper and Fields, 1996a). This 

region contains the sites of point mutations identified in the two ethanol resistant mutants 

whose resistance has been mapped to the M2 gene segment. The second region is in the 

higNy charged 4 fragment identified by Nibert and CO-workers (Nibert and Fields, 

1992). 

Sequence analysis of the parental M2 genome indicates that the wild type pl protein 

contains a high proponion of proline residues (50 of 708 residues, or approximately 

7.1%) and that its net charge at pH 7.0 is -13.65. The protein has a predicted a-helical 

content of 27% (Wiener and Joklik, 1988). Analysis of the tv1279 pl protein and 

cornparison to the reported wild type protein using the EditSeq program in Lasergene 



@NASTAR) showed a change in net proline and senne residues (50 to 48, and 67 to 68, 

respectively). There was also a change in both isoelectric point of the protein (4.91 to 

5.00) and net charge at pH 7.0 (-13.65 to -11.66). 

The five mutations in the isA279 p2 protein were localized in two areas. The first area 

involved residues P306 and P315, and the second involved P673 and E687. Predictive 

analysis using Lasergene's Protean program proposes changes in secondary structure in 

both locales. The fifth difference in sequence, U2067<2067, resulting in alteration of 

amino acid S680 CO P680, represented a difference in the sequence of the laboratory clone 

for T3D used in these studies and the previously reporteci sequence for T3D for this site 

(Jayasuriya et al, 1988, Wiener and Joklik, 1988). The coding for the ~ ~ A 2 7 9  M2 gene 

for C 2 ~ ï  is consistent with those previous reports. Predictive analysis predicts no 

differences in protein secondary structure between two sequences whose only difference 

is the observed change at base 2067. The potential effect of these changes upon 

membrane interactions is further discussed in Chapter 6. 

c. The accumulation of a A2 and u2 deficient core-like   article. 

Finally, ultrastructural evaluation suggested a blockade in assembly resulting in an 

accumulation of both core-like particles and genome deficient whole virions (top 

component) produced at restrictive temperature. Thin section electron microscopy 

provides insufficient resolution to distinguish between structures with subtle differences. 

The application of negative stain electron microscopy combined with direct particle 



wunting of whole ceIl cytoplasmic extracts after centrifugation onto an electron 

microscope grid confimeci, and provided further insight into the nature of the particles 

obse~ed in thin sections. Direct particle count data did not support ail ultrastructural 

observations. While there was an accumulation of core particles there was no apparent 

accumulation of top componen t in termediate structures with the parental mutant fsA279. 

The proportion of core particles defective for X2 spike structures which were produced 

by 1sA279 under restrictive culture conditions increased 10 to 20 foid @ ~0.0001, as 

evaluated by a 2 test with Yates' correction (Hassard, 1991) (Table 5.8). More 

importantly, the core particles produced werc also deficient for the XZ protein, the minor 

core protein 82, and genomic material (Figures 5.10, and 5.12B&C, and Tables 5 .5,5.6, 

5.8, and 5.9). Production of the X2 spike deficient core particle was a dominant 

phenotype which mapped to the L2 gene segment (Tables 5.8 and 5.9). When the mutant 

M2 gene segment was segregated from the mutant L2 gene segment the result was an 

increase of 2 to 3 fold in the proportion of top component produced (Tables 5.8, 5.9). 

This association was aIso signifiant @ < 0.001) by a x2 test with Yates' correction 

(Hassard, 1991). The role of this structure is further discussed in Chapter 6. 



C H A m  6 

Discussion 

1. Introduction. 

The use of temperature sensitive mutants provides a precise method for dissecting the 

mechanisms involved in viral replication. The panel of reovhs temperature sensitive 

mutants isolated by Fields and CO-workers (Fields and loklik, 1969; Rarnig et al, 1979) 

is a signifiant but as yet largely untapped resource for the elaboration of the biochemical 

and biophysical processes which are involved in the Wal life cycle. The initial purpose 

of this projeet was to review morphogenetic characteristics of clones from the Fields 

panel representing reassortment groups for which no altered life cycle had been reported. 

Once the morphogenetic properties were noted, clones could be selected to further 

elaborate the mechanisms involved in the expression of the ts phenotype. 

2. Ma~pine tem~erature sensitivitv in reovimses. 

The previous mapping of the prototypic reovirus temperature sensitive mutants was done 

with a smaU panel of ts + reassortants at a restrictive temperature of 39 OC (Mustoe et al, 

1978; Ramig et al, 1978; Ramig et al, 1983). These conditions may not provide 

sufficient power to resolve fine differences such as the existence of multiple fs lesions 

with mild phenotype (Hazelton and Cwmbs, 1995). A reassessment of the mapping of 

the fs lesions contained in the mutants which were candidates for this study was 

undeaaken once the conditions which maximized the expression of the ts phenotype were 



established for each clone to be tested. Idealizing those conditions led to clear cut 

identification of the t.s phenotype for those clones previously identified as mildly ts at 

3g°C (Appendix B, Table B.2). The presence of single rs lesions associated with 

previously reported gene segments for the clones tsAIOI, tsE320 and tsZl38 (Mustoe er 

al, 1978; Ramig et al. 1978; Rarnig et al, 1983) were readily confmed using the 

rnaximUed conditions (Tables 3.3, 3.4, and 3.6, respectively) . However, the study also 

indicated that the laboratory copy of the mutant tsH26/8-3 contained a lesion in the L 2  

gene segment (Table 3.3, rather the Ml gene segment, as previously reported (Ramig 

et nl, 1983). This reduced the value of the mutant tsH26/8 in this study of the 

morphogenetic processes of reovims. The mapping for the clone r d 2 8  was inconclusive 

regardless of the conditions used and this mutant was not further examined as a part of 

these studies. 

The mutant clone tsA279 is an excellent example of the potential value of the Fields 

panel. Reassortment analysis to associate the ts lesion to a gene segment provided a 

number of valuable insights. First, polyacrylamide gel electrophoresis of the clone 

demonstrated differences in electrophoretic migration rates for gene segments, L2, M2, 

M3 and S 1 (Figure 3.1). Temperature sensitive lesions were associated with two 

segments, a mild lesion with the L2 segment, and a dominant lesion with the M 2  segment 

(Table 3.2) (Hazelton and Cwmbs, 1995). No unique phenotype has as yet been 

associated with the mutations in the M3 and S 1  segments of this clone. Recombination 

testing had previously classed the mutant tsA279 in recombination group A with no 



indication of the lesion in the L2 gene segment (Fields and Joklik, 1969). In 

consideration of the mapping of the lab clone for tsH26/8 to the L2 gene segment, the 

inability to easily map the lesion in the clone rs1128, and the double gene segment 

mapping observed with clone tsA279, confumatory classification of the group A 

prototype clone tsA2Ol was reviewed both by recombination assay (Table 3.1) and 

reassortant analysis (Table 3.3) to confirm that results observed at elevated temperatures 

for weli characterized mutants were consistent with previous reports (Mustoe et al, 

1978). 

A review of the profile of expression of temperature sensitivity at different temperatures 

explains the failure to identiQ the anomaly presented by multiple lesions in earlier 

studies. Recombination testing and reassortant mapping assays were done at a restrictive 

temperature of 3g°C. Clones for recombination groups A, D, and E, and some 

recombination group B clones have been reported to exhibit mild levels of temperature 

sensitivity at that temperature (Tables 1.3, 3.2) (Fields and Joklik, 1969). The normal 

experimental deviations of plaque assays make it possible for expression of the ts and 

wild type phenotypes to overlap. This could allow what erroneously appears to be a 

sufficient percentage of recombination to occur to cause faulty sorting of clones into 

recombination groups. 

Focused use of ts+ phenotype progeny clones from reassortment cultures, where both 

reassortment culture and plaque assay have been conducted under conditions marginally 



sufficient to ensure phenotypic expression, may dso provide for faulty association of 

phenotype to specific gene segments. Both lesions in the mutant tsA279 exhibit mild 

temperature sensitivity at a restrictive temperature of 3g°C. Therefore, 

electropherotyping the clone at this temperature with reassortant progeny clones from 

cross infections with reovirus T1L did not allow association of the ts phenotype with any 

individual gene segment. The existence of more than one lesion was first suggested by 

the mild and strong expressions of temperature sensitivity at 40°C. 

The presence of a characteristic pattern of expression for the phenotype with increasing 

temperature aUowed two lesions to be identified, a mild lesion in L2 which maintained 

a rnild expression pattern as temperature was increased, and a stronger, dominant lesion 

in the M2 gene segment which provided for increased expression of the phenotype as the 

temperature was elevated. The results from these studies demonstrate the necessity of 

using large reassortant panels of both ts and ts+ phenotypes, and assaying phenotypic 

expression over a range of temperatures which allow for clear differentiation between the 

rs and ts+ phenotypes. 

A v a t  number of interactions occur in the ce11 dunng the replicative cycle. When rates 

of mutation are expenmentally accelerated it is possible that more than one mutated 

genome segment may be included in a proportion of progeny clones. Therefore, the 

existence of multiple gene lesions in some mutants is not surpnsing given the harsh and 

non-seleetive mutagenesis procedures used to generate the mutants (Fields and Joklik, 



1969). Some of the other reovinis fs mutants contain lesions in multiple genes, as 

demonstrated by altered mobilities of proteins and gene segments in SDS-PAGE (Cross 

and Fields, 1976a; Cross and Fields, 1976b; Coombs er al, 1994). Clone fsA279 was 

generated from proflavin treated reovirus infections (Fields and Joklik, 1969). This 

agent causes skips in genetic reading during transcription and replication, resulting in 

frame shift mutations in the progeny genome (Benann et al, 1992; Revich and Ripley, 

1990). In keeping with this mechanism, proflavin mutagenesis was the most lethal of the 

processes usai in the original report (Fields and Joklik, 1969). 

The mutant clone tsB271 was also created by mutagenesis with proflavin at the sarne time 

that clone tsA27' was created. That clone was also reported to have mild levels of 

temperature sensitivity (Fields and Joklik, 1969). Reassortant analysis maps the lesion 

for the recombination group B prototype clone rsB352 to genome segment L2 (Mustoe 

et al, 1978), the segment with the previously unsuspected temperature sensitive lesion 

in clone fsA279. The ability of the segmented genome of reovirus to reassort in mixed 

infections creates the possibility of the same mutant genome segment being present in 

more than one selected progeny clone. The dominant intemediate assembly structure 

produced by the mutant fsA279 has been mapped using reassortant analysis with direct 

particle counting to the L2 gene segment. As noted, the group B mutant clone tsB405 

accumulates core particles which have the A2 spike (Morgan and Zweerink, 1974). The 

group B clone tsB271 has not been analyzed. If assembly intermediate blockade and 

sequence data are similar for the L2 gene segments of both fsA2 79 and tsB271 it may be 



possible to confm the mapping of the dominant stmcturai defect, the X2 spike deficient 

core, with a separate ts mutant without the contributions of other mutations. This would 

confirrn and elaborate further on the assembly processes occurring within the ceil. 

3. Mechanisrns for express in^ tem~erature sensitivitv. 

Electron rnicroscopy is an effective tool for initial evaluation of morphogenetic pathways. 

The morphogenetic process has b e n  well defined by previous investigators for the wild 

type parent T3D clone ( Bodkin et al, 1989; Borsa et al, 1979; Chaly et al, 1980; Dales 

and Gomatos, 1965; Fields et al, 1971; Silverstein and Dales, 1968; Silverstein et al, 

1976; Wolf et al, 1981). Infections of L929 cells with reovirus suggest a replication 

cycle of approximately 24 hours at 37OC (Rhim et al, 1961). The virus does not induce 

rapid cell death, rather there is a prolonged, relatively healthy cycle culminating in celi 

d a t h  due to lysis of the infected ce11 (Silverstein et al, 1976) or, altematively, apoptosis 

(Rodgers et al, 1997; Tyler et al, 1995) . In this study ce11 death appeared to be necrotic 

rather than apoptotic. Cellular organelles did not demonstrate any outward signs of 

damage until late in the life cycle, when the mitochondna were altematively swollen or 

electron dense and some vacuolization appeared in the cytoplasm. Nuclear and 

cytoplasmic membranes appeared to be uninterrupted and did not display ruffling. The 

nuclear chromatin and cytosol were not condensed. This last observation is consistent 

with previous reports that nuclear processes are retarded but not shut down, and that 

there is no fragmentation of the genetic material of the host cell (Chaly et al, 1980). The 

major effect of the infection process prior to lytic release of progeny was the evident 



reduction in expression of the transforming Type A retrovirus. Cells from the permissive 

and restrictive infections from the mutant clones us& in this study demonstrated the same 

appearance. These results are not consistent with ce11 death through the process of 

apoptosis, or programmed ce11 death, which has been posited to be a defense mechanism 

induced by some other viral agents ( Esolin et al, 1994; Lu et al, 1994; Rodgers et al, 

1997; Tyler et al, 1995) 

Testing cells infected with different ts mutants and cultured at restrictive temperatures 

suggests multiple ways in which temperature sensitivity is expressed. The first is 

reduced production of viable progeny clones, as revealed by the decline in infectious 

virus recovered from cultures. The decline ranged from just below the input values to 

greater than two orders of magnitude below the original input titer (Figures 4.1, 5.9). 

Immunofluorescent studies supported this observation. Each evaluated clone 

demonstrated reduced labeling by rhodamine labeled anti-antibody (Figure 4.4, 5.13). 

Restrictive cultures for the mutants rsE320, and the group A prototype mutant tsA20l 

were previously reported to react with rhodamine labeled antibodies to a similar degree 

as permissive cultures (Fields et al, 1971). However, those tests were performed using 

a restrictive temperature of 3g°C, while the studies reported here used the more effective 

restrictive temperature of 40°C. Finally, direct particle counting of infections from T3D 

and tu279 confirmed reduced production of progeny at restrictive temperature for this 

ts mutant (Table 5.5) 



Ultrastructural examination supported the observation that progeny production was 

reduced b y demonstrating small disorganized viral inclusions in most restrictive 

infections. Further, with the exception of the infections with the mutant isH26/8-3, 

restrictive infections for the remaining mutants appeared to clear the infections by the end 

of each expenment. Persistent cultures have b e n  established with the mutant clone 

rsC447 (Ahmed and Graham, 1977; Ahmed et al, 1980), and wild type serotypes Type 

2 Jones and T3D (Ahrned et al, 1983; Baer and Demody, 1997; Dermody et al, 

1993; Wetzel et al, 1997a; Wetzel er al, 1997b). Persistent cultures were not 

established, maintained, and tested at restrictive temperatures in this study. The Iow 

levels of recoverable infectious virus present at the end of each infection suggests that 

there was residual viral activity after thre days culture at restrictive temperatures. The 

apparent ability to clear infection by rsA279, rsH26/8, and ts1138, dong with the origin 

of the group H and 1 clones, suggests these would be good candidates for future study 

of this phenornenon. 

A second mechanism for the expression of the is phenotype is interference with the 

transcription, translation and replication processes. This was observed with restrictive 

cultures for the mutant rsE320, which showed no clear evidence of infection other than 

a gradua1 decline in titre of recoverable infectious virus (Figure 4. l), and with the mutant 

tsIl38, which demonstrated reduced levels of production of dsRNA at permissive 

temperature, dong with no production of dsRNA in restrictive cultures (Figures 4.1, 

4.3). The mutant tsE320 was previously reporteci to produce both ssRNA (Cross and 



Fields, 1972) and viral proteins (Fields et al, 1972) at a restrictive temperature of 3g°C. 

A third mechanism for the expression of the ts phenotype is interference with folding and 

assembly of virai proteins into progeny virions. As noted in Chapter 1, bacteriophage 

assembly pathways have been well elaborated using conditionally lethal arnber mutations 

(Black and Showe, 1983, Pnvelege and King, 1983). With fs mutants the focus of 

mechanisms relate to induced thermodynamic stability or instability which results in the 

inability to fold properly and, therefore, form ideal tertiary and quatemary structures at 

elevated temperatures. The result may be to interfere with assembly, disassernbly, or 

with other biological properties such as enzymatic function. Tailspike ts mutations with 

P22 irreversibly form stable structures at elevated temperatures which do not interact to 

form tailspikes (Fane and King, 1987; S turtevant et al, 1989). Ts mutants affecting the 

capsid protein for the same bacteriophage form stable crystals which do not fold properly 

nor assemble into capsid structures when incubated at elevated temperatures (Gordon and 

King, 1993). The result of these interactions is to prevent formation of multimeric 

smctures due to the thermodynamically induced distortion of some or ail of the proteins. 

4. TM279 oroduces a core  article deficient in A2 and u2. 

Variant morphological structures were identifid by ultrastructural evaluation in the ts 

mutants tsA279 and tsI138. As noted above, however, the available resolution of thin 

section electron microscopy is insufficient to resolve subtle structural differences. In 

addition, a misinterpretation of ultrastructure due to unintentional bias and the random 



selection of sections may lead to erroneous evaluations of change in the proportions of 

different species of viral particles and intermediate assembly structures present in an 

infection (Sjostrand, 1962). It is possible to miss the existence of entire populations of 

sub virai structures when evaluations are made from thin sections or from gradient 

purified fractions. #en the production of viral encoded products is reduced the 

problem is magnified further. To overcome these diffculties, particle counting of whole 

ceU cytoplasmic fractions from permissive and restrictive cultures was utilized with the 

double ts mutant tsA2 79 to elaborate upon the assembly intermediates produced. Thin 

section electron microscopy had suggested that there was an accumulation of top 

component in restrictive cultures from this system. However, the result of the particle 

counts revealed an accumulation of core like particles without accumulation of top 

component ('Fables 5 .5 ,s .  8). Production of top component was subsequently associated 

with the mutant M2 gene segment during reassortment rnapping of the intemediate 

assembly core particles to the mutant L2 gene segment (Table 5.8). 

Restrictive1 y grown core particles from the mu tant tsA2 79 appeared to be defective for 

the A2 pentarneric spike structure (Figure 5.10, Table 5.8). Spikeless core particles 

have been prepared from top component (Smith et al. , 1969) and whole virus (White and 

Zweerink, 1976; Yin et al, in submission). However, the inability to isolate spike 

deficient core-like particles from ceIl extracts, coupled with the ability to re;.dily 

disassemble vinons and create spiked core-like particles (Dryden et al, 1993; Luftig et 

al, 1972; Nibert et al., 199 la), has led to the supposition that the core particles usually 



seen in infected cells are complete core particles. Further support for this theory was 

derived fiom the observation that the blockade in assembly which occurs at restrictive 

temperature with the reovims recombination groups B and G temperature sensitive 

mutants is a core particle complete with the X2 pentamenc spike @anis et al, 1992; 

Morgan and Zweerink, 1974). 

The core-like particles reporteci by White and Zweennk demonstrate cavities at the apices 

of cores produced by removal of the A2 spikes at high pH (White and Zweerink, 1976). 

Investigations into the mechanisms of reovirus transcription have produced spike 

defective core particles with a sirnilar, pitted appearance (Yin er al, in submission). The 

core particles produced by the mutant tsA279 also exhibited such divots (Figure 5.10). 

Similarïties in particle morphology, combined with previous reports conceming protein 

contents of artificially produced spikeless cores indicated that the X2 proteins were not 

present in the structure but that al1 other apical core proteins are present (White and 

Zweerink, 1976; Yin et al, in submission). TGU polyacrylamide gel analysis of the 

products of restrictive cultures of tsA279 confirmai the absence of A2 in the spike 

defective core particles. Perhaps of greater interest was the unexpected fmding that the 

minor core protein p2 i s  dso missing from these structures, as was genomic material 

(Figures 5.10, 5.12A, 5.12B, Tables 5.5, 5.7). 

5. The assemblv ~athwav  of reovirus. 

The accumulation of spike deficient core-like particles in restrictive infections and 



subsequent mapping of the phenotype suggests that the assembly pathway is blocked as 

a result of the mutated product U .  The identification of this structure in vivo suggests 

a capsid assembly pathway evolving around interactions of proteins Al, X3, and 02, but 

not A2 nor p2, to form a primary core structure (Figure 6.1, Table 6.1). The apparent 

inability of the A1 mutant ts1138 to form complete cores is consistent with this model. 

This conclusion is further supported by the observed assembly of core like structures in 

expression systems involving proteins VP2, VP5, and VP7 of Bluetongue virus (Iiewat 

et al, 1992). Reports involving CO-expressed A1 and R indicate that these two proteins 

together contain sufficient stmctural information to assemble into core like particles. 

Neither protein was capable of assembly into such structures when expressed alone (Xu 

et al., 1993). 

The presence of genomic material in the pnmary core is preferred but not essential for 

assembly, as indicated by assembly of viral encoded structures from expression systems 

(Xu eî al, 1993) and the isolation of top component as a naturally occumng assembly 

intermediate (Tables 5.5, 5.8). Disassembly intermediate structures which are defective 

for the A2 pentameric spike but contain p2 may contain genomic material in 60% or 

better of the particles present (Yin et al, in submission). Tt is easy to speculate that the 

posited apical locus of incorporation of p2 is such that it acts to stereologically hinder 

leakage of genomic material which may have been previously incorporated into primary 

cores. Such a location would be consistent with a number of hypotheses concerning the 

location of p2 (Coombs, 1996; Coombs, 1998a; Dryden et al, 1993; Sherry and Blum, 



Figure 6.1. The rssernblv ~athwrvs  of reovirur 

Stage 1: The major core proteins A I  and 0 2  CO-condense to form the primary core 
panicle, along with the minor core protein A3. 

Stage 2: During assembly of the complete core panicle, the minor core protein p7 
assembles at the apices of the primary core. The minor outer capsid protein 
h2 also assembles at the apices either collateral t o  or immediately following 
the assembly of p2. The minor outer capsid attachment protein ol associates 
with the outennost portions of the A2 pentameric spike. This may occur 
simultaneously or immediately subsequent to the condensation of the i.2 
pentarneric spike at the apices of the core panicle. 

Stage 3: The major outer capsid proteins pl and 0 3  condense and assemble around the 
h2 pentarneric spikes to form the complete virion. 
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Figure 6.1. The assemblv pathwavs of reovirus. 



Table 6.1. Characteristics of reoviw com~lete and intermediate 

P r o ~ e V  Prirnary Complete 
Core Core ISVP Virion 

Bouyant Density (gm/cm3) ND 1.43 1.38 1.36 
Sedimentation Value (S,) ND 470 630 730 
Diameter (nm) 

NS-TEM 50 50 65 75 
Electron Cryomicroscopy ND 60 80 85 

Outer Capsid Proteins 
X2 - + + + 
plllc - - + + 
p16/6 - - + + + - - -t- + 
a1 - - + + 
a3 - - + + 

Core Capsid Proteins 
hl + + + + 
X3 + + + + 
fi2 - + + 
a2 + + + + 

Genome 
ssRNA ? - + - 
dsRNA ? - + + 

In fec tive 
Transcription Ac tivity 

ND No Yes Yes 
ND Yes Partial5 Partial 

a. Adapted from Table 1.1. 
b. See text for details. 
ND Not done + Present 
5 Initiation and Capping but no elongation - Not Present 



01994, Yin et al, 1996). 

In the second step of assembly, 82 may then associate with the apices of the core partide 

either immediately prior to or collaterally with A2 to form the complete core paaicle 

(Figure 6.1, Table 6.1). The lack of evidence that XZ pentarnerizes pnor to attachment 

to the primary core suggests that the A2 monomers condense into pentarners during 

association with the primary core. The incorporation of the trimenc al attachment fibre 

with the X2 pentameric spike most likely occurs at this stage, with the arnino terminus 

of the fibre interacting with the carboxy terminus of the A2 proteins in their pentamenc 

spike structure (Leone et al, 199 1c; Luongo et al, 1997). 

The altered migration rate of the tsA279 S 1 gene segment in SDS-PAGE (Figure 3.1) , 

while not conclusive, suggests that its product may contain a compensatory mutation to 

reinforce assernbly of viable, infectious progeny in the presence of the mutation to the 

X2 protein. Ts mutant reversion analysis (McPhillips and Ramig, 1984) suggests that 

systems containing multiple mutations may be the result of compensatory mutagenesis in 

closely interacting regions of proteins. Such mutations would enhance the capability of 

assembly into complete structures. Evidence that both the X2 and pl  proteins contain 

temperature sensitive mutations in the mutant clone tsA279, provides further support for 

the concept of cornpensatory mutagenesis. 

The final stage of assembly is condensation of the outer capsid around the core structure 



(Figure 6.1, Table 6.1). The presence of X2/p l / d  outer shell complexes in tsC447- 

infectecf ceUs (Matsuhisa and Joklik, 1974) suggest that pentameked X2 contains 

sufficient information for this condensation. Mutations in u3 (isG4.53) aiso lead to the 

generation of core particles which lack the outer shell @anis et al, 1992). These, and 

data concerning CO-precipitation studies have led to the proposal that proteins p l  and a3 

complex with each other before associating with the core (Lee et al., 198 1; Joklik, 

1983; Shing and Coombs, 1996). These combined observations imply important U, pl, 

and u3 interactions for outer shell assembly. 

The assembly interactions involved with the mutant gene segment M2 are more difficult 

to interpret. The protein encoded by this gene segment is a major outer capsid protein. 

Rassortant analysis indicates that there is a strong preponderance of top component 

produced by this mutation when it is segregated from the mutant L2 segment. This 

supports the proposai that inclusion of genomic material is essential for the production 

of infectious progeny, but not for assernbly of the packing crate which transports that 

genornic material. 

The implication drawn from the accumulation of top cornponent is that the M 2  gene 

segment either has a role in the replication of genomic material, is involved in packaging 

by binding the dsRNA so that it may be incorporateci into the final structure, or interacts 

with some other viral protein(s) in a manner which empowers packaging. In the first 

instance, the functions involved in genomic replication reside in the proteins of the core 



particle. There has been no evidence that pl has binding capacity for either single or 

double stranded RNA, suggesting the second hypothesis is not likely. 

A number of reovinis proteins have been implicated in binding dsRNA, including the 

major outer capsid protein 03 (Schiff et al, 1988). Association of p l  with 03 has been 

implicated as an early (Lee er al, 1981) and essential step in assembly (Shing and 

Coombs, 1996). with the interaction resulting in a shift from transcription control by 03 

to assembly of progeny virions (Shepard et al, 1995). The mutant pl protein may be 

effecting deficient packaging of genomic material by interfering with the interactions of 

other dsRNA binding proteins. If the mutant p l  protein were not capable of interacting 

with 03 the posited switch of 03 from transcription control to assembly would be 

disrup ted . 

The presence of top component is further compounded by the observation that the mutant 

tsA279 produces elevated levels of dsRNA relative to the wild type parent when cultured 

at restrictive temperatures. The gene segment associated with this phenotype has not 

been mapped. However, this phenotype would be consistent with a mode1 in which 

defective p l  is unable to interact with 43, resulting in failure of the transition to virai 

assembly. The resultant run away transcription would result in increased levels of viral 

encoded RNA. 



6. Restrictivelv assembled tsA279 virions are defective for transmembrane 

trans~ort. 

Infection is initiated by attachment and uptake of the virion. An additional mechanism 

for expression of the temperature sensitive phenotype which involved these stages war, 

noted with the mutant rsA279. Progeny vinons produced by breakthrough infections at 

restrictive temperature appeared able to attach to and be endocytosed by host ceils. 

However, accumulation of virions in transport vesicles and subsequent virion degradation 

in lysosomes indicated that the progeny produced at restrictive temperature were not able 

to be transportai across the lysosomal membrane to the cytoplasm (Figure 5.2). The 

small, pin point foci of fluorescence observed at restrictive temperature (Figure 5.13F) 

are dso consistent with the accumulation of virions in endosomes. These data suggest 

there is a blockade in transmembrane transport of the virion in clone fsA279. Nigh MOI 

infections indicated that the vinons produced at permissive temperature were able to 

transport across the cytoplasmic membrane under restrictive culture conditions (Figure 

5.3). This is evidence that the mutation affected the folding process at the restrictive 

temperature but not at the permissive temperature. Similar observations conceming 

protein folding have been made in the P22 bactenophage system (Yu and King, 1988; 

Sturtevant et al, 1989; Thomas et al, 1990, Gordon and King, 1993). 

Several reports have associated transmembrane transport with gene segment M2 or its 

product, the major outer capsid protein p1 (Hooper et al, 1996a; Hooper et al, 1996b; 

Lucia-Jandris, 1990; Lucia-Jandns et al., 1993; Tosteson et al, 1993; Wessner et al, 



1993). The presence of a ts Iesion in the tsA279 pl protein, coupled with accumulation 

of virions in transport vesicles and lysosomes is consistent with the observation that the 

M2 segment is associated with transmernbrane transport. 

It has been suggested that the process of membrane insertion by proteins requires 

proteolytic processing and exposure to lowered pH in the reticulo-endothelial 

compariments to aUow exposure of hydrophobic moieties which may then insert into the 

cytoplasmic membrane (Gaudin er al, 1993; Hoffman et al. 1997; Nibert er al, 199 1b; 

Sturzenbecker et al, 1987). With reovirus exposure to lowered pH and proteolytic 

processing of the outer capsid protein pl may occur in either passage through the 

intestinal tract (Bodkin et al, 1989; Wolf et al, 1982) or the iysosomal compartments of 

the ce11 (Nibert er al, 1991a). Treatment of virions with proteolytic enzymes in vitro 

creates infectious subviral particles, which are capable of transport across the cytoplasmic 

membrane without entenng the endosornal compartments (Borsa er al, 1979). The effect 

of proteolytic processing could be to release constraints which hold the insertion or 

fusion elements in place. This would allow the hydrophobic moieties to become exposed 

and make insertion into the cytoplasmic membrane thermodynamically stable (Parker et 

d, 1990). 

As previously noted, proflavin was the chernical agent used in the mutagenesis 

expriment from which the mutant tsA279 was obtained (Fields and Joklik, 1969). 

Studies in bactenophage systems indicated that this agent causes skips in reading the 



template segment during replication of the genome (Berman et al, 1992; Revich and 

Ripley, 1990). It should be expected that many of the skips in reading frame would 

result in dead end mutations due to the resultant nonsense coding. However, where the 

skip is late enough in an open reading frame, or where there are sufficient skips to re- 

establish a protein product relatively close to the original parental protein it should be 

possible to get viable progeny clones. Therefore, the original hypothesis was that the 

mutation event which resulted in the expression of a temperature sensitive phenotype was 

due to a sequence of three deletions of sufficient proxirnity that the protein would not be 

pemirbed extensively. These deletions were not found. Instead, five point mutations 

were observed, each resulting in a change in the primary structure of pl. 

Changes in primary structure resulting in apparently minute secondary structural changes 

may affect the stability of proteins produced at elevated temperatures (Jaenicki, 199 1). 

Correct folding requires properly formed B-tums (Stroup et al. 1990). Proline residues 

induce bends in secondary structure. Mutation of the proline residues in the short 8-tums 

preceding an a-helix in the penicillinase repressor protein introduces a temperature 

sensitive structure, with folding at the elevated temperature irreversibly creating an 

inactive repressor (Irnanaka et al, 1992). Similar results have been shown with point 

mutations of proline residues in the nuclwside diphosphate kinase of D. melanogaster 

(Lascu et al. 1992). The role of seved proline residues in ensuring folding sufficiently 

proper for the production of active porcine pancreatic ribonuclease at elevated 

temperature has also been investigated (Lang and Schmid, 1990). Three of the observed 



deviations in the ta279 p 1 protein involved mutations of proline residues to either senne 

or ttireonine. 

The five mutations were groupai in two regions, the central portion of the protein and 

the carboxy terminal region. Predictive analysis of secondary structure in the first 

region, from amino acid residues 296 through 325, using the Chou-Fasrnan secondary 

structure prediction algorithm (a region threshold 103, B region threshoId 1051, the 

Eisenberg hydropathic moment algorithm (a angle 100, B angle 170, with averaging over 

11 residues), the Emani surface probability algorithm (surface decision threshold 0.600), 

and the Karplus-Schulz chah flexibility algorithm (flexibility threshold 1 .O). The 

charge average parameters of Lasergene's Protean program are 9 residues at a pH of 7.0. 

These analyses indicate that a stretch of predicted amphipathic a-helicd structure fiom 

residues 309 to 314 is disrupted, with a predicted shift to 6-sheet structure. A short 

stretch of B-turn is aiso predicted to be replaced by a long stretch of B-turn. There is 

also a reduction in the probability of surface exposure and flexibility in this region 

(Figure 6.2). 

Predictive analysis of secondary structure in the second region, frorn amino acid residue 

666 through 695 shows a slight shift in hydrophobicity and an increase in probability of 

surface exposure of the protein in this locale. There is no apparent dismption in 

predicted secondary structure. However, there is a predicted change in charge in the 

charged stretch between residues 679 through 696, with changes of two negative charged 



Figure 6.2. bdic t ed  secondarv structure'. mutation region #1 

a. Predictions of secondary structure by Protean (DNASTAR) using the Chou-Fasman algorithm for secondary structure, 

Eisenberg algorithm for amphipacity, and Ermani algorithm for surface probability. Please see Chapter 6.6 for details 

b. Two mutations exist in the locus: P N ~ + S ~ M ;  P315-rS315. 

c. There is a slight shift to lower probability of surface location around each site of mutation. 
N 

d. There is a slight reduction in predicted flexability from residues 312-3 17. 

e. The sequence between 315 and 325 is predicted to be amphipathic. 



residues to neutral, one negative charge to positive, and two neutrai charges to positive 

(Figure 6.3). Changes in this locale are associated with the change in the net charge of 

the protein. 

Structural features of the pl protein have been proposed to support a role in membrane 

insertion. A number of factors which may contribute to the interference in 

transmembrane transport due to faulty folding of the pl protein and thereby affect these 

structural features cm be identifîed. First, the protein is myristoylated near iu amino 

tenninus (Nibert et al. , 199 1 b) . Second, structural models extrapo1ated from sequence 

data for the p 1 protein suggest the existence of two adjacent amphipathic a-helices which 

flank =sin and chymotrypsin cleavage sites (Nibert and Fields, 1992). The presence 

of a cleavage site between arnphipathic a-helices and a proximal mynstate side group 

constitute membrane insertion motifs in non viral proteins (Xanellis er a l ,  1980; Moe 

and Kaiser, 1985; Parker et oz., 1990). Neither of these two features appear to be 

affectai by the mutations identified in the p l  protein of tsA279. 

The thkd structural feature which has b e n  identified is the Trypsin Stable Fragment 

(TSF) of p l  which remains associated with core particles during their generation by 

trypsin proteolysis (Hooper and Fields, 1996a). The first region of mutation in pl  of 

tsA279, from residues 295 through 325, is in the TSF. Lasergene analysis using the 

Chou-Fasman and Eisenberg dgorithms predicts the loss of an amphipathic a-helix and 

its replacement with a B-sheet. In addition there is an increase in the length of 8-tuni 





structure which precedes the subsequent /3-sheet found in both wild type and mutant 

proteins (Figure 5.14). Analysis of the effects of each mutation separately and in sets 

predicts that the mutations in this location are not affected by those in the second region. 

While both the mutations at this locale slightly affect predictions of surface probability, 

the proposai change in secondary structure, the replacement of an amphipathic a-helix 

with a fl-sheet and lengthening of the fi-tum, is effected by the mutation P3 15+3 1s. The 

predicted locale would not be surface exposed, reducing it's possible interactions with 

other Wion proteins. 

It has been suggested that amphipathic a-helices have a role in membrane penetration by 

fusion proteins of many enveloped virusw (reviewed in White, 1990). The hydrophobic 

faces of the arnphipathic double helices may be arrangeci to allow hydrophobic 

interactions between the helices (Branden and Tooze, 199 1 ; Creighton, 1993). Mutations 

which affkct the secondary structure and effect loss of the a-helices could effect folding 

at elevated temperature which strengthens hydrophobic interactions, thereb y preventing 

the exposure of the hydrophobic insertion sequences after exposure to low pH and 

proteolytic digestion. Altematively, mutation of the prolines involved in the fl-turn 

sequences, could limit exposure of the arnphipathic structures, whether a-helix or 8- 

sheet, and disrupt the subsequent exposure of the hydrophobic moieties after proteolytic 

processing of the capsid proteins. The mutations identified in the first region with 

tsA279. and their predicted effect upon secondary structure further strengthen the 

observai role of proline residues in short fi-turns which are proximal to amphipathic a- 



helices (Imanah et al, 1992; Lang and Schmid, 1990; Lascu er al, 1992; and Stroup et 

al, 1990). 

Ethanol resistant mutants of T3A and T3D which have had their phenotype mapped to 

the M2 gene segment contain lesions in this region (Hooper and Fields, 1996a; Wessner 

and Fields, 1993). The T3D derived ethanol resistant mutant 3a9 contains a lesion 

resulting in the mutation K45+Q159 (Wessner and Fields, 1993). It has been suggested 

that this mutation may have strengthened the interactions of the protein and made it more 

resistant to denaturation by ethanol (Hooper and Fields, 1996a). Predictive analysis of 

this mutation using the Protean program of Lasergene suggests the loss of a focus of 

positive charge at position 457. The predicted result is the insertion of an a-helicd 

structure from residues 454 through 459. The overall local structure is predicted to be 

slightly less flexible. The changes in 3a9, with the predicted insertion of an a-helix in 

surface exposed regions appear to be antithetical to the changes observed here. 

The T3A derived ethanol resistant mutant JH4 contains a lesion within the TSF which 

results in the mutation P497-4497. As with the mutant 3a9 it has b e n  predicted that the 

result of this mutation is increased stability of the fragment, resulting in reduced 

susceptibility to ethanol denaturation and reduced membrane interactions as evidenced by 

release of ''Cr (Hooper and Fields, 1996). Predictive analysis of the changes which may 

be effected by this mutation utilizing the Chou-Fasman and Eisenberg algorithms show 

loss of an amphipathic or-helix, with cornmensurate insertion of a non-amphipathic & 



sheet structure. In addition the 8-tum present is also shortened. It is predicted that this 

location would not be surface exposed. The change from a-helk to B-sheet is similar 

to the prediction for the ethanol resistant mutant m4. 

The fourth stmctural feature which may play a role in transmembrane events is 4, the 

c&xy terminus proteolytic fragment of p l which results from proteolytic cleavage of 

p 1 both in Mvo (Bass et al, 1990) and in vitro (Nibert and Fields, 1992). Interactions 

between the high positive charge of this fragment and negative charge within the 

plasmalemma have been proposed to have a role in insertion into membranes (Nibert and 

Fields, 1992). 

The second mutation region, between residues 666 and 695, is in 4. The region has a 

very strong probability of surface exposure. Both mutations in this region are implicated 

in effecting an increase in surface probability and disruption of predicted coi1 structure 

in their immediate vicinity. The predicted effects of these mutations are not influenced 

by those occumng in the first region. Analyses of the two mutations separately and in 

tandem indicate that the mutation at P m  is responsible for the predicted increase in 

hydrophobicity which occurs from residues 666 through 672. The mutation at residue 

E687 is uniquely associated with the change in charge which extends from residues 679 

through 696. This mutation is also solely responsible for the predicted change in net 

charge of the protein from -13.65 to -1 1.66 at pH 7.0, and the change in pI fkom 4.9 1 

to 5.00. The change in charge to a more acidic fragment suggests a decrease in the 



ability of the protein to interact with host ce11 plasma membranes. This is consistent with 

reduced transmembrane transport. 

The changes this study have identified in 4 include an increase in hydrophobicity. 

Studies with mutants of Bovine pancreatic trypsin inhibitor show increased hydrophobic 

interactions and more compact structures are formed at elevated temperatures (Gottfried 

and Haas, 1992). The added hydrophobic interactions, and the increase in these 

interactions and cornpactness of structure seen in the Bovine pancreatic trypsin rnodel at 

elevated temperature suggests that the change in residue P673-.S673 stabilizes inter- and 

intra-protein h ydrop hobic interactions so that exposure of h ydrophobic faces after 

proteolysis is reduced, resulting in reduced transport across the ce11 membrane. The 

increase in charge focuseci between residues 679 and 696 could alleviate the effects of 

the increased hydrophobic interactions when translation and assernbly occur at permissive 

temperatures. 

An alternative model for reuvirus penetration and uncoating has been proposeci based 

upon the altered appearance of the X2 spike which occurs as a result of the processhg 

which creates the core particle. This model suggests that the ISVP is inserted into but 

does not cross the cytoplasmic membrane. The model proposes that the virion then 

transcribes viral mRNA through the A2 spike as through a porin (Sturzenbecker et al, 

1987). Porin insertion motifs have been identified with the B chain of cholera toxin. 

Upon exposure to low pH and proteolytic processing B chah proteins insert into the 



cytopiasmic membrane to forrn a porin and allow the toxic A chain to pass into the 

cytosol of the target ce11 (Middlebrook and Dorland, 1984; Steven and Pietrowski, 1986; 

Lubran, 1988). Similar systerns have been proposed for transmembrane transport of 

colicins (Parker et al, IWO). The mutations identified in fsA279 affect two regions which 

could mediate the Sturzenbecker ponn model, 4 and the TSF. The mutations affecting 

the highly charged sequence between residues 679 and 696 could reduce the ability of 

6 to mediate interaction with the cytoplasmic membrane. The predicted local increase 

in hydrophobicity, while minor, could limit the effect of the change in charge in this 

region. Increased stability of the hydrophobic interactions within the TSF which occur 

at elevated temperatures could prevent exposure of amphipathic structures which are 

necessary for interaction of the processed capsid with cytoplasmic membranes. 

7. Future direct ions. 

The results of these studies are shown in the rnodified listing of characteristics of the 

clones of the Fields panel of rs mutants of reovirus (Table 6.2). These studies have 

provided insights into mechanisms of virus assembly and uptake. They have also 

suggested a number of additional areas of investigation which deserve to be pursued. 

The role of the mutant p 1 protein of tsA27' provides insight into the mechanisms of 

membrane insertion and transmembrane transport in biologicai systems. Visualization 

of restrictively and perrnissively assembled tsA279 progeny, coupled with cornparisons 

to wild type parental virions could provide information conceming the location of 

different arnino acid sequences within the protein in the assembled virion. Comparative 



Table 6.2 Characteristics of the Fields'  ane el of temwrature sensitive mutants of reovirus.' 

Reassort me n t Prototype Oene EOPb 

Oroup Mutant Segment Protein dsRNAO 39OC 40°C Morphology 

0.0025 Normal 
0.00019 Empty Whole Virus 

Spike Deficient Core 
0.00044 
0.0000064 

0.000015 Core Like 
0.000005 1 
0.000025 

0.00078 Empty Outer Shell 

O.ûOûûû7 1 Empty Whole 

0.00 1 No Assembly 

0.0.0006 Normal 

0.000016 Core Like 

0.0034 No Assembly 

-- - -  -- - 

a. Adapted from Table 1.3. 
b. EOP : (Titred 1 nitre 32OC). 
c. Synthesis of dsRNA at restrictive temperature 



studies using permissively versus restrictively assemblecl vinons could elucidate the 

interactions with the host ce11 plasmalemma, and establish the fate of outer capsid 

proteins during transport and uncoating and their role in transcriptional activation. 

The possibility of similar ultrastructural characteristics in the restrictively grown 

inclusions of tsC447 and is1138, both of which are major core proteins, suggest that the 

interactions of these two proteins could be dissected further with comparative studies. 

The concentric sworls of electron dense material noted in inclusions of rs1138, and 

suggested in printed rnicrographs of tsC447, suggests the production of 

irreversibleaggregates at elevated temperature similar to those seen with the P22 capsid 

protein (Gordon and King, 1977). Investigation into this possibility could provide insight 

into assembly of the core capsid. 

The different mechanisms involved in expression of temperature sensitivity make the 

Fields panel of temperature sensitive mutants an excellent, and, as yet under utilized tool 

for sîudying virai:host interactions and the viral life cycle. The rnultifaceted nature of 

the mutant clone tsA279 and the possible mechanisms involved in assembly and reduced 

replication activity of tsI138 provides for investigation of an exquisite complexity of 

protein interactions and is an example of the many possible avenues of analysis that the 

clones in the Fields panel may provide. 
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APPENDIX A 

Solutions 

Dialysis buffer 

Electrophoresis sample buffer 

Elution Buffer 

HO Buffer 

Lysis buffer 

Neutra1 red staining overlayment 

Phosphate Buffered Saline 

PTA 

Running Buffer 

ScMg buEer 

Stabilizing Buffer 1 

Stabiliition Buffer 2 

medium 199 in 1% agar and supplemented with 
1.25%FCS, 1.25% VSP, 2mM Glutamine, lOOU 
penicillin/rnl, 100pg streptornycin sulfatehnl and 1 pg 
amphotericin B / d  

lOmM Tris Base, pH 7.4, 150mM Sodium ChIoride, 
1 5mM Magnesium Chloride 

2.5m.M Tris, pH6.8, 10Y0 glycerol, 0.5% Sodium 
dodecyl sulfate, 0.4% dithiothreitol, 0 -002% 
bromophenol blue 

OSM Phosphate Buffer, pH 8.0 with lOOmM 
Sodium Acetate, pH 4.0, 150mM Sodium Chlonde 

lOmM Tris Base, pH 7.4, 25OmM Sodium Chlonde, 
9.25 pM 2-mercaptoethanol 

50mM Tris Base pH8.0, IOOrnM Sodium Chlonde, 
0.5% NP40 

medium 199 or PBS in 1% Agar containing 0.004% 
filtered neutral red stain 

l O m M  Phosphate, pH 8.0,750mM Sodium Chloride 

2.5mM Phosphotungstic Acid, pH 7.0 

50mM Tris pH 8.0, ISOmM Sodium Chloride 

1 OOmM sodium cacodylate, l OrnM Magnesium 
Chloride p H  72 

200mM Tris base, pH 8.0, 150mM Sodium 
Chloride, 0.05% Carbowax M20, 10% Glycerol 

Stabilizing Buffer 1 with 0.2% (wt/vol) Low Bloom 
Gelatin 



Supplemented S-MEM MEM supplemented with 2.5% FCS, 2.5% VSP, 
and 2mN Glutamine 



APPENDIX B 

Isolation of T3D and ts mutant clones, and determination of culture conditions 

1. Introduction, 

A number of problems had to be addressed before proceeding with this project: stock 

T3D clones had to be isolated which demonstrated genome migration patterns distinct 

from serotype T1L and with EOP values similar to those previously reported; 

temperature sensitive clones had to be isolated from each mutant stock; and conditions 

had to be established w hich op timized expression of temperature sensitivity in order to 

mnfirm the presence and evaluate the effects of a ts lesion. 

The clones from the Fields Panel had been stored in freezers for up to 20 years. 

Further, some clones had k e n  subjected to additional plaque purification and 

amplification before storage. The possibility that labels may have become detached and 

re-attachai while in storage, lids of vials exchanged acciden tally , and mutation events 

during earlier amplification made it essential that fresh clones be isolated as the fust step 

in this study. The next step would then be confirmation of each ts phenotype. Some 

clones were available from the onginal stock lysates of the Fields panel. Additional 

lysates of putative mutant clones were available from clones subcultured from members 

of the Fields' panel by K.M. Coombs dunng late 1989. 



a, Isolation of T3D, 

Stock T3D was plaque punfied as descnbed in Chapter 2, Materials and Methods. 

Briefly, L929 monolayers were infected with laboratory stock T3D and incubated at 

37OC. 11 plaques were isolated and arnplified to P2 culture. Culture lysates were titred 

at 32OC and 3g°C, EOP values determined for each clone, and cytoplasmic extracts were 

prepared and electrophoresed from P3 cultures for each clone, al1 as descnbed (Chapter 

2.2.d and 2.3.b). The genome segments were evaluated to ensure that the migration 

pattern for each clone was consistent with the reported pattern for T3D and several 

clones were selected to be used as stock parental clones for future work on the basis of 

titre at 32OC (PFUIml) and EOP at a restrictive temperature of 39 OC. 

b, Isolation of temperature sensitive mutant clones. 

Ali isolation and amplification procedures were conducted at 32 O C  . Stock cultures from 

the Fields panel were plaque purifieci using the clonal isolation procedures as descnbed 

(Chapter 2.2.d). To select against choosing tevertant clones, or clones which may have 

contained further mutations, between five and seven clones were isolated from each 

original Fields stock clone and 3 clones were isolated from each clone which had been 

previously selected and amplifmi through third or fourth passages (P3 or P4) by K. M. 

Coombs. 

The clones were arnplified through a first passage culture (Pl), titres and plaque sizes 

determined at permissive and restrictive temperatures of 32OC and 39OC, respectively, 



and EOP values determined for each clone. After retesting, the averaged EOP values 

were determined and candidate clones representing each recombination group of mutants 

were identified as stock mutant clones on the basis of their temperature sensitivity as 

expressed by the EOP assay. Clones representing mutants from recombination groups 

A, E, H, 1, and J were selected for further amplification and study (Table BA). 

c. Arn~iification of ts  clones to second Dassaee cultures. 

Candidate ts clones were amplified through P2 in T75 culture Basks with 0.5rnl of the 

P l  cultures. For most clones the resultant titres were 1ow with the first two P2 cultures 

prepared. Therefore, the culture conditions were tested to determine whether it would 

be possible to increase the amplification of virus by modifying inoculum volume and/or 

by feeding the culture with fresh supplemented S-MEM during the term of infection. 

The titre of infectious virus in the Lysates of fed infections was increased between 5 and 

100 fold over the unfed samples in al1 thirteen clones tested. Analysis of variance 

indicates this increase is highly signifiant @ <0.005) (Hasard, 1991). A subsequent 

round of amplification to the PZ level was then done on fresh L929 cells in T75 culture 

flasks. These clones were evaluated for expression of temperature sensitivity and plaque 

size by plaque assay at a restrictive temperature of 3g°C. 

d. Am~lification of ts  clones to third oassape cultures. 

Because there was continued low level amplification of severai clones, especially those 

representing fsA201, and ts1138, some clones were amplified through a third passage as 



Table B.1. Isolation of candidate ts mutant clones. 

Reassortmtnt 
Group CIone Source Clonc Titreb EOP 

a. Source: BF = Otiginal Fields' isoiatc; KC = Re-isolatcd by K. Coornbs. 
b. Titre: Plaque formlig uni& per ml at 32OC. 
c. 3g°C EOP: Efficitncy of Plating at 39OC = apparent titre at 39OC t apparent titre at 32OC. 
t. Clone selectcd for future work in this project. 



previously described. A number of variables were applied in attempts to obtain high titre 

cultures with tsZ138: re-ampliQing with fd ing  the infections at 48 hours p s t  infection 

and then every 3-4 days subsequent until harvest at either days 21 or 24; cultured in 

supplemented S-MEM containing 5 % FCS without VSP; and lysates were tested after 

normal freeze thawing versus bnef, low energy sonication with a mini probe sonicator 

(Branson, Danbury, CONN). Al1 feeding supematants were retained and evaluated for 

the presence of infectious virus. 

The yields of the P3 amplifications normally exceeded 1 x 108 PFUlml at 32OC. with the 

exception of the rd138 clones, which customarily provided infectious titres below 1 x 10' 

PFUlml at 3Z°C. No appreciable levels of infectious virus were observed in the feeding 

supernatan ts from the ts1138 cultures. 

e. Concentration of lvsates to elevate infectious titre of am~lifications. 

In order to further increase infectious titres, selected PZ and P3 lysates were concentrated 

by centrifuge filtration with Centriprep IO@ filter concentration devices (molecular weight 

cutoff of 100,000 DaItons)(Millipore, Bedford, MA) untii the samples were concentrateci 

to a volume estimated sufficient to provide for infectious titres of 1-4 x 10' PFUIml. 

Altematively , samples were concen trated using MiniconQ B- 15 fil ter concen trators 

(Millipore). Al1 concentrates provided apparent infectious titres in excess of 4 x 1@ 

PFU/ml except where initial lysate volume was insuffcient to attain that level of 

concentration in volumes which were 0.5 ml or more. 



3. Analvsis of S-MEM verses Medium 199 for conduct of ~ laaue  as,cavs, 

In order to determine whether the medium used in the plaque assays ampîified any 

ciifferences in titres and/or the resultant EOP values identified for the fs and ts+ clones, 

parailel titrations of TlL, T3D, and a panel of the mutants were performed using either 

S-MEM or Medium 199. Fifty-one of 80 clones tested using Medium 199 showed 

increases in EOP between 1.5 and 22 fold over the values found with S-MEM, and 19 

of the remaining 29 clones showed reduction in EOP by less than 2 fold. Average 

plaque size at 3g°C in agadMedium 199 was larger in 50 of 66 clones evaluated, and 

11 of the remaining clones had plaque sizes which were identical in both media. These 

results showed that 1 % Agar in Medium 199 was significantly different than 1 % Agar 

in S-MEM by a one tailed, paired t test (Hassard, 1991) for both evaluation of EOP (t 

= 3.57; p < 0.0005) and size of plaque (t = 4.539; p < 0.0005). 

4. Analvsis of duration of cuIture to obtain maximum vield of virus. 

Due to the apparent low yields of virus in cultures and low level cytopathic effect seen 

with several 2s mutant clones, growth curves were established for selected clones. 

Briefly, monolayers were inoculated at an MOI of 0.2 PFUlcell. After attachment the 

cells were overlayed with supplemented S-MEM (with 5% FCS and no VSP) and 

incubated for up to 21 days post infection at 32OC. Ce11 lysates were titrated at 32OC 

by standard plaque assay as described (Chapter 2.2. f). The results indicate that maximum 

yield is obtained between 3 and 5 days post infection for most îs mutants and parenta1 

T3D. With the mutant tsI138, the titre of recoverable infectious virus increased 



throughout the duration of the assay. The mutant tsZl38 routinely yielded between 1 and 

2 x log,, fewer PFU/ml recoverable infectious virus than obtained with the other clones 

tested. 

5. Determination of tem~erature of ex~ression for the tem~erature sensitive 

phenotvw for selected clones. 

A number of clones in the Fields panel are described as leaky, exhibiting marginal 

temperature sensitivity at a restrictive temperature of 3g°C (Fields and Joklik, 1969). 

To determine the temperature at which the lethal phenotype is initially, and maximally 

expressed, clones from each ts mutant were evaluated for expression of temperature 

sensitivity at temperatures ranging from 37OC through 40.S°C, in 0.5 OC increnents. 

Temperature control was monitored as described (Chapter 2.2. f ) .  The relative EOP 

values for each clone at each temperature were determineci (Table B.2). 

6. Discussion. 

Identification of the pedigree for each gene segment in candidate reassortant clones is 

necessary for successful phenotype mapping. To ensure clear differentiation behveen 

T1L and T3D stock clones a panel of T3D clones were plaque purified and their levels 

of inherent temperature sensitivity and electrophoretic pattems of gemme segments were 

established. Al1 isolates showed identical migration pattems, which clearly differed from 

those of the laboratory stock T1L clone. Clone T3D, was chosen as the stock parental 

clone on the bais of both 32 OC titre (l.îgxI@ PFU/ml) and EOP,, (0.349). Clones 



Table B.2. Eftïciencv of Platin~ of fs mutants at different ternperat~res~~'.  

a. Efficiency of Plating: (Titre Q Test Temperature) + (Titre @ 32OC). 

b. EOP values represent the average of at l e s t  two expenments. 

c. Temperatures r 40S°C caused ce11 death in aIL control and iniected cultures over 

the prolonged time of incubation necessary for plaque assays. 



T3D4 ( 7 . 4 ~ 1 0  PFU/rnl, EO& = 0.473) and T3D, (3.8x1O8 PFUlml, EOP,, = 0.242) 

were also identified for use. 

A number of the mutant clones were margindly temperature sensitivity under the assay 

conditions in use. A subgroup of the clones which were the focus of this study had been 

selected on the bais of the marginal EOP values (Table BA). It was necessary to 

establish conditions which clearly iden tified the ts phenotype. Initial1 y, an assay referred 

to as the Efficiency of Yield (EOY) assay was considered (Coombs, l998b). While EOY 

assays have potential, they are very labour, materiél, and time consuming. Therefore, 

it was desirable to identify alternative tests for the phenotype. 

The initial work was performed using S-MEM as the plaque assay medium (Fields and 

Joklik, 1969). Subsequently the enriched Medium 199 was introduced. The inaccuracies 

of plaque assays are such that differences less than 1 order of magnitude are usually 

considered insignificant. Since there were differences in the reported EOPs and the 

results obtained when mutant clones were isolated for this study, the possible effect of 

the different media was tested using a paired t test (Hassard, 1991). Medium 199 

performed better in demonstrating EOP through plaque assays on both the bais of 

opening up the expression of temperature sensitivity (p~0.001) and plaque size 

@ < 0.00 1). Therefore, differences between the reported EOPs (Fields and Joklik, 1969) 

and the levels observed in this study may be influenced by the change in media used 

during plaque assay . 



Temperature is a factor which can affect the expression of the ts phenotype. Minor 

variations could have significant impacts upon the phenotype expression if the 

temperature at which the phenotype is fust expressed is similar to that used for testing. 

Higher restrictive temperatures have been reported for assays of other systems (Barton 

et al, 1996, Simpson and Lamb, 1991). In addition, cold sensitivity (CS) has b e n  

reported for mutants of reovirus (Ahmed et al, 1982; Ikegami and Gamotos, 1968). The 

temperatures at which temperature sensitivity is first and optirnally expressed were 

examined. Preliminary evaluation indicated none of the mutants were CS. Most strong 

ts mutants have a threshold for expression of the ts phenotype which is equal to or less 

than 38OC. Elevated restrictive temperatures improved the expression of the ts 

phenotype by several orders of magnitude for al1 mutants which were mildly ts at 3g0C, 

(eg. clones tsA2Ol and rsE32O (Table B.2)). Some mildly ts mutants showed a pattern 

of increasing temperature sensitivity as the restrictive temperature was raised (eg. clone 

tu1279, (Table B.2)) suggesting that testing at multiple restrictive temperatures could 

provide addi tiond information. 

Due to consistent low titres obtained with a number of the mutant clones at various times 

during the study, the amplification conditions were evaluated. Size of inoculum, feeding 

the cultures, temperature, and duration of culture are the manipulatable parameters which 

could affect the amplification process. The most signifiant change occurred as a result 

of feeding the restrictive cultures, with the maximum increase in titre obtained by feeding 

the infection 48 hours port attachment @ <O.OS). 



The consistently low amplifications obtained and marginal expression of cytopathic effect 

with the rescued pseudorevertant mutant rrll38 justified examining growth curves for a 

panel of mutants. Ali mutants other than rd138 obtained maximum yield by 7 days after 

infection followed by declines of 1 to 3 orders in magnitude at day 21. Al1 three rs11.38 

clones demonstrated a gradua1 but constant increase in recoverable infectious virus from 

day 6 to day 2 1,  when the maximum values were demonstrated. The yield in PFU/ml 

of the rs1138 clones was consistently I or more orders in magnitude below the values 

obtained with the other clones at each Ievel of amplification, with yields rarely exceeding 

5.0 x 106. The decline in yield over time observed with the remaining clones may be 

explained as lysozyme degradation of virus particles dunng prolonged incubation. 
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