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ABSTRACT 

Vimses maintain high structural stability during the extracellular portions of their 

replicative cycles, yet are signincantly dynamic dunng other stages in their üfe cycle. Despite 

the extensive studies that have characterized the various structural proteins found within the 

capsid layers of reovirus, little is still known with regards to the proteins within it and to the 

overall dynamics of the virus particle. This study serves to fùrther characterize the interior 

particle protein 73, the RNA dependent RNA polymerase, and to offer evidence that reovinis 

has the capacity to undergo extensive conformational changes. In addition, the 

envùonrnentally safe compound Vertrel XF was identified as a suitable substitute for the 

organic solvent Freon 113, extensively used in virus purification. 

Factors affectkg protein configuration, specifically of the RdRp, can have detrimental 

effects on transcription. To examine such factors, temperature-sensitive mutants t a 3 5 7  and 

tsG453, dong with reassortant analysis were used. Although replication by t s . 3  57 is impaired 

at elevated temperatures (as implied by its "temperature sensitivity"), purified t a 3 5 7  Wions 

are less susceptible to heat-induced loss of infectivity than their wiid-type parent type 3 

Dearing (T3D). Furthemore, punfied cores derived fiom tsD357 are less sensitive to heat- 

induced loss of transcriptase activity than T3D cores. This phenotype was mapped to the LI  

gene. The L1 gene was sequenced and shown to contain two non-silent mutations which 

when anaiysed by various computer algonthrns, suggests that a substitution at amho acid 399 

causes a significant change to the protein's secondary structure. These results suggest that 

an altered RdRp can either stabilize or facilitate transcription. When lsG453 core particles 

were exarnined mon closely, a phenotypic difference in transcription when compared to its 
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wild-type parent was mapped t o  the LI gene- Despite mapping the temperature sensitive 

lesion to the S 4  gene, these results indicate the presence of a previously undetected lesion in 

the L1 gene or some novel role ofthe S4 gene in transcription- 

To investigate the dynamic nature of the virus, puriiied virions and cores were 

analysed by MALDI QqTOF mass spectrometry- Analysis of virion and core particles 

revealed conforrnationai dserences between difrent strains of reovims. Furthemore, 

conformational changes that did not disrupt capsid integrity were observed in virions in 

response to difTerent pH's. Cores were s h o w  to undergo a conformational shift when they 

switch £tom a non-transcnbing state to a transcribing one- These results offer conclusive 

evidence that the proteins that make up the viral capsids interact in such a manner that 

promotes both particle stability and flexibility. 



1.1. Mammalian reovims introduction. 

Marnmaüan reovinis is the prototype virus from the genus Orthoreovinrs, one ofnine 

genera fiom the viral family Reoviridae (van Regenmortel et al.. 200)- Five of the nine 

genera cover vimses that are capable of infecùng plants, insects, and fish while the other four, 

Coltivirus, Orbivim4 RoUNins (a notable pathogenic genera). and Orthoreoviirus are capabIe 

of infecting mammals. Mammalian reoviruses are capable of infeaing a wide range of 

mammalian species Uicluding humans (Rosen 1962). The acronym reo within the name 

reovirus stands for respiratory and enteric orphan which connotes that the virus is capable of 

infecting the respiratory or entenc systems without causing any senous pathogenesis in 

humans (Sabin 1959). 

Reovimses in nature are typically found in a variety of water sources which are 

thought to be the pnmary source of entenc infections. These viruses pose a greater risk to 

infants and immuno-compromised hosts than they do to normal healthy individuals. Study 

of these viruses over the past several decades have rendered them as a finctional mode1 to 

study entry of non-enveloped animal Wuses into host ceUs and their corresponding 

pathogenesis. Some more notable findings include the discovery of Kozak's sequence, 

receptor mediated endocytosis and 5' mRNA capping (Silverstein S C  & Dales 1968; 

Furuichi et al., 1975a; Furuichi et al., 1975b; Kozak 198 1; Kozak 1982). Furthemore, the 

use of reoviruses have recently been explored as novel oncolytic agents (Coffey et al. 1998; 

Norman & Lee 2000). 



1.2. Virion structure. 

Mamrnalian reoviruses are non-enveloped vimses made up ofeight structural proteins 

arranged in two concentnc icosahedral capsid layers (Figure 1). This double layered protein 

shell houses a genome which consists of ten double stranded RNA (dsRNA) segments. 

There are three large segments named Ll, L2, and L3 (L for large), three medium segments 

named Ml, Mî, and h43 (M for medium), and four smaller segments nameci S 1 through S4 

(S for smali), each of which can be easily resolved by electrophoresis in a polyacrylsmide gel 

(Figure l)(Shatkin et al.. 1968). Each of these genes, with the exception of S 1 which has two 

difEerent initiation codons are monocistronic; that is, one gene encodes a single proteh 

Together, the ten genes encode eight structural proteins and three non-structural proteins 

which are also resolvable by electrophoresis (Figure 1) (Both et al.. 1975; McCrae & k W  

1978). 

Reoviruses exist in nature in three foms: virion, ISVP (infectious or intermediate 

subvirai particle) and core (Figure 1). The virion contains a full complement of the eight 

structurai proteins. Cryoelectron rnicroscopic analysis indicates a diameter of85 nm@detcalf 

et al., 1991; Dryden et al.. 1993). Virions have a T = 13 icosahedral symrnetry whose outer 

capsid is made up of 600 copies each of a3 (encoded by S4) and pl  (encoded by M2) 

(Dryden et al., 1993). At each of the 12 vertices, five monomers of A.2 (encoded by L2) form 

a pentarnenc cornplex, extending about 9.5 nm from the surface, for a total of 60 copies 

(Dryden et al., 1993). At the surface of each vertex, and interacting with U,  Lies a folded 

arrangement of al rnonomers (encoded by Sl), the ce11 attachent protein. Originally 

believed to exist as tetramers (Bassel-Duby et ai., 1987; Fraser et al., 1990), recent evidence 

suggests that al may be present as trimers (Strong et al., 199 1; Turner et aL, 1992; Lee & 
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&RNA Protein 

Virion ISVP Core 



Figure 1. Mammalian reovirus genotype, protein profile, and pafiick structumI 

elements. A. The migration of serotype 1 Lang (TIL) genomic segments as seen by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) and the migration of the correspondmg 

proteins they encode. The genes cluster into three groups: the L (large) genes, the M 

(medium) genes, and the S (small) genes. 6 and <p are p 1 cleavage products generated during 

proteolysis of virions and are present in ISVPs only (Nibert & Fields, 1992). For the 

migration of T3D genomic segments, please see Figure 4. B. Schematic representation of 

the three particle forms of reovirus: virion, ISVP and core. Proteins in both capsids are 

colour coded to match the proteins resolved in A C. Cryoelectron microscopie images of 

the virion, ISVP and core which are 85, 80, and 60 nrn respectively (Dryden et al., 1993). 



Leone 1994). Vinons are proteolyticaliy processed within the host to generate virion 

derivative ISVP's and cores, 80 nm and 60 nrn respectively (Dryden et al.. 1993). ISVPs may 

be formed extracellularly via proteolysis of the virion by proteases such as pepsin in the 

stomach, or chyrnotrypsin or trypsin in the intestinal tract (Vander et al., 1994)- During 

conversion to ISVP, a3 is digested away, p l  is specifically cleaved into 6 and cp, and the al 

fibres extend outwards, possibly to facilitate celi attachent. ISVPs can be furiher processed 

to cores with the loss of al1 p 1 cleavage products and al proteins to yield the inner capsid of 

reovirus which consists ofonly five structural proteins: icl (encoded by L3), U ,  U (encoded 

by LI), p2 (encoded by Ml), and 02 (encoded by 52). During proteolysis, L2 has been 

shown to undergo a significant conformationai change (Dryden et al.. 1993). 

Proteins A l  and a2, both present in roughly 120 copies, make up the lattice of the 

inner capsid where A1 is thought to form a smooth surface punctuated with low lying tidges 

upon which a2 binds (Reinisch et al., 2000). Protein A2 exists as described above- Intemal 

core proteins A3, the RNA-dependent RNA polymerase (RdRp) and p2, the putative 

polymerase cofactor, are both found internai to the core and are present in low wpy number. 

Protein Â3 is located at the base of each of the 12 vertices as a single copy and each is 

believed to be associated with one or two copies of p2. Both ISVPs and cores can be 

generated in vitro through proteolytic digestion (Mayor & Jordan 1968). ISVPs are 

infectious but not transcnptionally competent whereas cores are transcriptionaily competent 

but not infectious, having lost its ce11 attachment protein. 

1.3. Virion life cycle 

1.3.1. Early events. The predominant route of infection in a host is enteric. Once 
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inside, the vinon initiates infection within the respiratory or entenc systerns. During a gastro- 

intestinal infection, the virion must go through the stornach and endure an acidic pH that un 

be as low as 0.82 (Vander et al., 1994). Virions are notable for their remarkable stability as 

they are able to maintain their morphology at pH's as low as 2.0 and still reîain their 

uifectious nature (Stanley 1967; Fields & Eagle 1973). Typical cells targeted, orrecogniz+d, 

by the virions are the epithelial ceUs that Iine the gastro-intestinal tract and respiratory tract. 

For an overview of the reoWus life cycle, please see Figure 2. The first step cntical 

in reovùus infection is the attachment to cellular surface molecules- Both virions and ISVP's 

are capable of binding to a cellular receptor. Which proteins serve as receptors remah in 

question; however, evidence has pointed out sialic acid, other sialoglycoproteins, EGF 

(epithelial growth factor) receptor, and the junction adhesion molecule as possible reovirus 

receptors (Gentsch & Hatfield 1984; Paul et al., 1989; Choi et al., 1990; Tang et al., 1993; 

Bâîîon et al., 2001). The virus attaches to the receptor via its celi attachent protein al (Lee 

et al., 198 1). Binding of the virion to the receptor leads to a conformational change in the 

viral capsid as cell-bound vinons have been shown to be more resistant to pepsin digestion 

than unbound vinons (Fernandes et al.. 1994). Furthemore, this conformational change is 

totally reversible as bound virions reverted back to their pepsin sensitive state once released 

fiom the ce11 surface (Fernandes et al., 1994). An aitered coaifonnational state may be 

necessary for viral en- and subsequent uncoating. 

Protein al is the main determinant ofreovinis serotype as it is the protein encoded 

fkom the least conserved gene amongst reovirus, conserved as little as 26% between some 

serotypes (Duncan et al.. 1990). There are three major prototypic reoWus serotypes: Type 





Figure 2. The reovims life cycle. a Vions or ISVPs must fkst attach to a c e U  surface 

receptor, present on a variety of celi types. ISVPs can be generated extraceliularly through 

proteolytic digestion ofthe outer capsid proteins. @ After adsorption, virions or ISVPs are 

invaginated through receptor-mediated endocytosis. ISVPs can bypass the endocytic pathway 

and instead, directly penetrate the membrane. @ Endosornes canying viral particles d &se 

with lysosomes upon which lysosomal enzymes, under acidic conditions, will mediate 

uncoating of the virion or ISVP outer capsid to generate and release the core particle. @ 

Cores are the transcriptionally active component of reovirus and will initiate primary 

transcription to generate capped mRNA. @ Nascent transcnpts wiil be translated by host 

cellular ribosomes to produce viral proteins. @ Viral proteins and primary plus strand 

transcripts will corne together in an RNA assortment cornplex, possibly mediated by non- 

structural and certain structural reovirus proteins. Assembly occurs to generate core-like 

repiicase intermediate particles that contain a full complement of plus strand transcripts. &) 

These sub-viral particles will then undergo replication to generate complimentary minus 

strand templates that are not liberated to the cytoplasm. @ These minus strand RNAs serve 

as the template for subsequent secondary transcription to yield uncapped plus strand mRNA 

@ Secondary uncapped transcripts are then translated to generate more viral proteins. @ 

Proteins and plus strand capped transcripts will assemble to generate progeny virions. These 

vinons will ofien aggregate to form inclusion bodies. Vinons are then released through ceil 

lysis through a mechanism incompletely understood. 



1 Lang (TlL), Type 2 Jones (T2Q and Type 3 Dearing (T3D). Difterences among these 

strains will be discussed in fiirther detail in later sections. 

Once attached, the virion or the ISVP is adsorbed into clathrùi coated pits via receptor 

mediated endocytosis (Borsa etal., 1979; Georgi et al., 1990; Rubin et al.. 1992). Evidence 

also suggests that ISVPs can directly cross through the membrane, bypassing endocytic 

uptake @orsa et uL, 1979)- Once adsorbed into endosomes, the endosomes wili then fuse 

with lysosomes. An influx of ions via proton pumps present on the lysosorna1 membrane wu 

cause the pH to drop to as low as 4.0. This acidic environment, in conjunction with the 

presence of acid-dependent lysosomal proteases such as cathepsins, will proteolytically 

process the virion or ISVP to core particles that are subsequently released to the cytoplasm. 

1.3.2. Transcription and replication. Cores in the cytoplasm are transcriptiody 

active as they bear self-sustained transcriptional machinery, and wiU initiate synthesis of 5'- 

capped, non-polyadenylated messenger RNA (mRNA) fkom each of their ten genomic stands 

(Faust et al., 1975; Furuichi et al., 1975b). Reovirus bears its own RNA polymerase, a 

property unique to al1 RNAviruses with the exception of retroviruses, as no currently known 

cellular enzymes are capable of transcribing or replicating RNA Core protein )J, the RNA- 

dependent RNA polymerase (RdRp) (Drayna & Fields 1982a; Koonin et al.. 1989; Morozov 

1989; Stames & Joklik 1993) and p2, the putative polymerase cofactor (Wiener et al., 1989; 

Yin et al., 1996) are the internat core enzymes responsible for transcription and subsequent 

replication. Protein 3.3 has been the only structural protein demonstrated to possess 

polymerase activity in vifro (S tames & Joklik 1993). Genetic studies that use reassortants 

(see section 1.4 for a review on reassortants) showed that the L 1 gene, which encodes AJ, 

controlled the pH optimum of transcription amongst the three different serotypes (Drayna & 
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Fields 1982a). Furthemore, sequence analysis of the L1 gene revealed GDD motifs 

conserved in ail viral polyrnerases (Morozov 1989; Bmem 1991). Putative poiymerase 

cofactor p2 has been shown to be responsible for the optimal temperature of transcription 

characteristic in cores (Yin et ai., 1996) and may fiirther fùnction as an NTPase Woble & 

Nibert 1997). Core spike protein A2 is responsible for the S'mRNA capping as  it possesses 

guanylyltransferase activity (Shatkin et al.. 1983; Cleveland et al., 1986) and possibly 

methyltransferase activity (Seliger et al., 1987; Reinisch et al., 2000) Core capsid protein Al 

has recently been shown to possess NTPasedhelicase activity (Bisaiilon et ai., 1997; B i d o n  

& Lemay 1997a). RNA 5'-triphosphatase activity (Bisaillon & Lemay 1997b), and can bind 

nucleic acids nonspecifically (Lemay & Danis 1994). The genome of reovirus is double 

stranded; therefore, unwinding the RNA duplexes, necessary for transcription, would requue 

energy, energy that perhaps k1 provides. 

Cryoelectron microscopic analysis of cors  have suggested that wres undergo a 

conformational change when switching fiom a non-transcribing state to a transcribing one 

(Yeager et al.. 1996). Upon activation, the A2 monomers are thought to undergo a shift in 

conformation, exposing an 8 nm chamel, that allows for 5'-mRNA capping and mRNA 

extrusion (Dryden et al., 1993; Yeager et al., 1996; Reinisch et al., 2000). The nascent plus 

strand RNA transcripts, or are then released via these A2 channels to the cytosol 

(Gillies et al., 197 1, Bartlett et al., 1974). 

The nascent mRNA's, the product ofprimary transcripion, are next translateci by 

hoa cellular ribosomes to generate viral proteins. These proteins will associate with primary 

transcnpts to form what are known as RNA assortment complexes. A NU complement of 

genes is packaged into replicase intermediate particles, devoid of an outer capsid and devoid 



of inner capsid core protein U, through a poorly understood process- Unknown tight 

signaling, possibly through short conserved regions at the 5' and 3' ends of each gene 

(Antczak et al., 1982), must exkt that mediate assortment such that only viral mRNq not 

cellular mRNA, and that only one of each of the ten segments, is packaged (Zou & Brown 

1992; Chapell et al., 1994). Structural protein 03 and both non-structural proteins translated 

flom early transcripts, pNS and aNS, al! have the capacity to bind ssRNA and may alone, or 

in cooperation, play a mle in assortment (Huismans & Joklik 1976; Antczak& J o W  1992). 

Just as genetic assortment remains poorly understood, so is core-like replicase intermediate 

particle capsid assembly. Certain core proteins, such as 11 and 432, have been shown to self- 

associate when CO-expressed while others, such as U, in the absence of the remaining 

proteins, fail to do so (Mao & Joklik 1991; Xu et al., f 993). The requirement to prefonn 

certain protein complexes pnor to complete core capsid assembly remains unknown 

Like many structural proteins in virus, 03 plays several regdatory roles aside fiom its 

structural one. Through its ability to bind dsRNA, a feat considered to occur oniy upon 

dimerization (Olland et al., 2001), a3 is thought to counteract the reovirus induced host 

antiviral defence mechanisms. dsRNA-dependent protein kinase PKR, in the presence of 

dsRNA, will phosphorylate the a-subunit of initiation factor eIF-2 which shuts off 

translational initiation, thereby interfering with viral protein synthesis (Huismans & Jokük 

1976; Sharpe & Fields 1982; Imani & Jacobs 1988; Lloyd & Shatkin 1992; Beattie et ai-, 

1995; Clemens 1996; Schmechel et ai., 1997; Yue & Shatkin 1997). By sequestering d m  

a3 removes PKR's potent inducer. Protein 03 also has the capacity to bmd JsRNA and may 

play a role in the assortment complex during particle assembly (Antczak & lokük 1992). 



Once the mRNA transcripts are packaged, they serve as template for minus strand 

synthesis by the RdRp. Minus strand synthesis initiates fiom the 3' end of each plus strand, 

possibly mediated through specac polymerase recognition sequences cornmon to ali genes. 

Once synthesized, the minus strands remains within the replicase particle. These particles are 

able to carry out further transcription, termed secon+ frmcription, whose mRNA 

transcnpts are reportedly uncapped due to a decreased particle presence of 22 (Zweerink et 

al., 1972; Morgan & Zweerink 1975; Zarbl et al.. 1980). These uncapped transcripts are the 

greater source of ali transcnpts during an infection (Ito & Joklik 1972a; Zarbl & Millward 

1983), and serve to be translated into proteins. Whether or not the transcripts are packaged 

and serve as template for minus-strand synthesis remains unknown. 

1.3.3. Late evcnts. The steps leading to virion capsid assembly remah poorly 

understood but are believed to involve the addition of preformed outer capsid protein 

complexes ont0 self-assembled core particles, Outer capsid protein complexes between pl 

and 03 must prefonn before their subsequent condensation ont0 the wre  particles, to form 

the outer capsid layer (Shing & Coombs 1996). The al oligomers are believed to self- 

assemble and then attach to the particle vertices via sequence mediated interactions with the 

pentameric spike proteins, X2 (Mah et al., 1990; Leone et al., 1991). What triggers virion 

release from infected cells is unknown but once virions are assembled, they eventually are 

liberated f?om the ceIl through an inefficient means of ce11 lysis. 

1.4. Reovirus genetics 

1.4.1. Reassortment. The genetic system of reovirus has properties that have made 

it an attractive and successftl mode1 to delineate the molecular and pathogenic ba i s  of 
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viruses. Each of the ten dsRNA segments are of a dinerent sire; therefore, their migration 

profiles or electropherotypes, are easily distinguishable in polyacrylamide gels ( S h a h  et ai.. 

1968). M e n  a ce11 is CO-infected with two or more difEerent strains of reovinis, genes fiom 

the parents can mix, a process termed CISsorfment. Progeny virions whose genomes consist 

of a mixed set of genes nom the parents are called rear~ortants~ Homologous genes from 

different reovirus strains are distinguishable under electrophoresis; thuq it is possible to 

identw which genes came fiom which parent when the electropherotypes ofreassortiants are 

viewed in polyacrylamide gels. For a schematic example, please see Figure 3. 

Ifreassortment was completely random, there would be 2" (where n equals the number 

of gene segments) possible reassortants, including two parental types. In reovirus, one may 

expect up to 1,024 (2'0) different gene combinations of which two are parental and the rest 

are reassortants (Figure 3). However, when cells are CO-uifected with two different strains 

of reovirus, resultant progeny consists of only 3.25% reassortants (Fields 1971). This 

nonrandom segregation phenomena remains to be explained; however, two possible 

mechanisms have been suggested. The first relies on separate areas of replication of two 

invading vinons within a ce11 in which RNA may be poorly exchanged between the two 

regions (Joklik & Roner 1995). The second possibility is that heterologous viral W p r o t e i n  

will not interact as efficiently if they corne from different parents, which would lead to a 

decrease in the observed number of reassortants (Roner et al., 1990). A third possibility is 

that perhaps al1 1,024 possible reassortants are generated; however, because of the various 

proteins present in the capsids, many may not be stable or allow for infktions, and hence their 

passaging and propagation to high enough titres for identification is not possible as theu 

capacity to survive is severely limited. 
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Figure 3. Co-infection and the generation of reassortant progeny vinons. D u ~ g  a 

mixed or a CO-infection, the incoming virions, or parents, wiii both undergo transcription and 

replication. The assortment cornplex will then consist of RNA and viral proteins fkom both 

parents. Assortment can then occur to generate reassortants, progeny vinons that wntah a 

rnixed set of genes from both parents. If rassortment were a completely random process, 

1024 (Zn where n = the number of gene segments) possible reassortants cm be assembled. 

Two of the 1024 W O U I ~  result in parental like vinons, whereas the other 99.8% of progeny 

vinons would be reassortants The hybrid genomes of rearsortants can be resolved by SDS 

polyacrylarnide gel electrophoresis and which genes came from which parent can be 

determined ifthe parental strains have different electropherotypes, Le. are dEerent serotypes. 



1.4.2. Reassortant mapping. The segmented nature of the virus and the virus's 

capabiiity to undergo assortment to generate reassortants pro~ides researchers with an 

exploitable tool to characte& proteins and their roles in the reovirus life cycle. For example, 

if T1L virions grew optimdy under condition A whereas T3D preferentially grew under 

condition B, TIL x T3D reassortants can be generated and isolated for d y s i s  ofgmwth 

conditions. One set of reassortants will grow better under condition A whereas the other set 

will favor condition B. The electropherotypes of the reassortants can be determined by 

cornparing their gene migrations to that of their parents. The reassortants would then be 

organized according to their preferred growth conditions, A or B. Analysis of their 

electropherotypes may single out a gene that cornes fiom one parent in one set of 

reassonants, and fiom the second parent in the other set of reassortants (Figure 4). If all 

other genes are randomly distributed among the reassortants, then the singled out gene is 

responsible for the phenotypic dzerence towards growth conditions observed among the two 

parents. Such use of reassortants to phenotypically identifjr or "map" a gene is termed 

reassorfanf mapplng. 

1.5. Temperature sensitive mutants 

Many protein function determinat ions and other related discovenes have been 

attributable to the existence of reovirus temperahre sensifive fi4 mutants. For example, use 

of reovinis ts mutants have led to advances in viral structure (Drayna & Fields 198213)' viral 

assembly (Shing & Coombs 1996; Hazelton & Coombs 1999; Becker et al., 2001) viral 

pathogenesis (Keroack & Fields 1986; Bodkin & Fields 1989) and protein and enzymatic 

finctioning (Drayna & Fields 1982; Drayna & Fields l982a; Coombs 1996). Onghally ts 
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Figure 4. Reassortant mapping. If a phenotypic difference exists between two difTerent 

parental strains, reassortants generated tiom the two parents cm be used to iden* which 

gene and hence which protein is responsible. In this example, reassortants were generated 

fiom a T1L x T3D CO-infection and their electropherotypes resolved by SDS-PAGE. The 

reassortants were studied to determine whether they behaved more like one parent or the 

other. One group of reassortants (1,2 and 3) behave like parent TlL under a specific set of 

conditions. The other group of reassortants (4, 5 and 6) behave like parent T3D under the 

same set of conditions. By examining the electropherotypes of the reassortantq the TlL-Ore 

group al1 derived their M3 gene fiom T1L whereas the M3 gene in the T3D-like group cornes 

fiom T3D. The fact that aii other genomic segments are randornly distributed indicates that 

the phenotypic difference between the two groups is attnbuted to the M3 gene. Hence the 

M3 gene, which encodes the nonstructural protein pNS, defines the observed growth 

behavior between the TlL and T3D parents. 



mutants were generated by chernical treatment of virions with mutagens such as pitrous acîd, 

nitrosoguanidine, 5'-fluorouracil or  proflavin ( Ikegami & Gomatos 1968; Fields & Ioklilr 

1969). To identify a ts mutant, mutagen treated stocks of virus were diluteci and plated at 

30°C (Ikegami & Gomatos 1968) or 3 1°C (Fields & JokWc 1969) as the penniwie 

temperature. Individual plaques were identified early in the infection and marked. Irifections 

were then incubated at a higher non-mss ive  temperature of 37°C @cegarni & Gomatos 

1968) or 3g°C (Fields & Joklik 1969). Plaques that did not continue to grow were identified 

as ts mutants. 

Therefore ts is a conditionaily-lethal property defined as the impairment of replication 

at elevated temperatures. Furthemore, a reovinis' temperature sensitivity is a fiinction of 

both the infected cells and the virus. The standard means of measuring a clone's temperature 

sensitivity is to compare the viral titre at a high, non-permissive temperature, typically at 

3g°C, to the viral titre at a low, permissive temperature, typically at 32OC. The Wal titre at 

the non-permissive temperature is divided by the titre at the permissive temperature to 

generate an eflcienq cf'lafzng @OP) value. Non-ts clones, having grown equdy well at 

both temperatures, will have an EOP value near 1 * 10 whereas ts clones will have a value 

significantly lower than the wild-type value; usually by a difference of at least one magnitude 

of 10 (Coombs 1998). 

As ts clones were created, they were organized into ten groups one for each gene 

segment. In certain cases, reassortant rnapping was used to identify which gene was 

responsible for the ts phenotype and hence contained the ts lesion. Somethes though, 

reassortant analysis failed to ;dent@ which gene possessed the lesion. Onginally however, 

an analytical method, recombinational analysis, was developed to identifil which group a fs 
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clone belonged to. When an ungrouped ts clone CO-infects cells with a fs clone fiom a hown 

group, reassortment can occur. If both parents have a ts lesion in different genes, their 

progeny vinons will either be a single mutant, a double mutant (haWig picked up the two 

genes with ts lesions) or wild-type like, only the latter of which can grow efficiently at both 

permissive and non-permissive temperatures. If both parents were to contain a b lesion in the 

same gene, then al1 subsequent progeny would be ts. Ih such a case, by knowing where the 

lesion lies in one parent then implies that the second parent must have the lesion in that same 

gene. However, such a clear discrepancy is not often the case. Ofien, phenomena now 

known as complementa~ion, the rnixing of proteins not genes, or genetic interference, the 

ability of a virus to decrease the yield of another virus dunng a CO-infection, may intezfîere 

with recombination (Ito & Joklik 1972a; Chakraborty et al.. 1979). Therefore, to measwe 

a clone's ability to recombine with another, the following formula was generated as a measure 

of recombination: 

where A and B are the Wal titres of two parental ts mutants and where NP = non-permissive 

temperature of 3g°C and P = permissive temperature of X°C (Fields & Jokük 1969). ts 

mutants were assigned originally to one of five groups depending on which gene contained 

the ts lesion, a categoncal system based on their recombination values (Cross &Fields 1972). 

Subsequent ts clones that did not fa11 into any of the five groups were placed in newly 

assigned groups (Fields & Joklik 1969; Ramig & Fields 1979; Coombs 1996). 



1.6. Objectives of  this study 

There are two arms of  investigation in my thesis work, demarcated primarily by the 

methodologies involved, but only one focus: to tùrther our knowledge on protein structure 

and fùnction within mammalian reovinis- Despite the extensive study of reovirus over the 

past three decades, very little is known about protein orientation and interactions within the 

viral capsid, the role of such interactions and the locations ofthose interactions. Furthemore, 

little is known with regards to the enzymatic proteins within the capsid, specifically with 

respect to  U ,  the RdRp, and how they fbnctionally carry out transcription- 

Ail of my studies at one point or another required virions in a p u f i e d  state in the 

absence of cellular debris. The method past employed in the lab involved organic solvent 

extraction of virions tiom cellular components. The solvent used was Freon 1 13 (l,l,2- 

trichloro- 1,2,2-trifluoroethane~reon)@uPont, Wilmington, DE) which for decades has been 

a key component of some viral purification methods (Gomatos & Tamm 1963; Gschwender 

& Traub 1978; Berman et al., 198 1; Richt et al., 1993; Liebermann & Mente1 1994). This 

organo-aliphatic compound has been ideal in extracting lipids and lipid bilayers without 

extracting proteinaceous (and hence polar) material such as non-enveloped viruses, a f a t  

attributable to  its unique physical and chemical properties. However, as Freon has been 

implicated in ozone layer depletion, its use has been progressively eliminated which will lead 

to inevitable prohibition (Taylor 1996). The fbture unavailability of Freon would remove a 

vital step in virus purification, an important £ k t  step in many biocherical and structural 

studies. Therefore before any fùrther expenmentation could be done with viruses, 1 had to 

h d  a way to circumvent such a problem. A logicai solution to this obstacle is to  substitute 

it with another solvent that shares sirnilar properties to it yet has low toiacity and 
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environmental hazards. 1 have analysed the capacity of other suitable solvents based on their 

solubility parameters, to effectively p u r e  large quantities of virus without any il1 e f f i s  on 

virion morp hology and infectivity. The identincation of Vertrel XF as a suitable odvent has 

aliowed for virion purification, an essential prerequisite for my hrther studies. 

Two temperature sensitive mutants were examined more in depth afker initial 

observations went unexplained. Mutant tsD3 57 is a ts mutant fiom Group D (Cross & Fields 

1972), which has its ts lesion mapped to the L1 gene, which encodes the RdRp, 13 (Ramig 

et al., 1978; Drayna & Fields 1982a; Koonin et al.. 1989; Morozov 1989; Stames & JokWc 

1993). At non-permissive temperatures, tsD357 infected cells have been shown to produce 

progeny vinons devoid of genomic matenal (Fields et al., 197 1). Additionally, decreaseâ 

amounts of ssRNA and protein (Cross & Fields 1972; Fields et al., 1972) and less than 0.1% 

dsRNA (Cross & Fields 1972; Ito & Joklik 1972b) were also found, ail  of which are 

suggestive of a d e f ~ i v e  polymerase. Within Our lab, plots of viral titres over increasing non- 

permissive temperatures, have revealed that isD357 vinons appeared to be more stable than 

their wild-type parent T3D. That is to Say, the rate not the actual titre, of T3D viral titres 

dropped off sooner than tsD357 Wal titres in response to increasing temperatures. This 

suggests that fsD357 virions are more thermal stable than T3D, despite having a ts 

charactenstic. To hirt her t hese observations, purifed virions es well as their denvative core 

particles were reexarnined for thermal stability. Reassortants were used to map observeci 

phenotypic differences fiom wild-type parent and results revealed a thennally stable RdRp. 

Sequence analysis of the LI gene revealed three mutations, one of which, located in the 

cataiytic portion of the enzyme, confers a dramatic change in the protein secondary structure 

and may be responsible for both the ts characteristic and thermal stabiiity of the p~lymerase~ 
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A second mutant, tsG453, was examined more closely f i e r  a previous study revealed 

a transcriptional dierence when compared to its wild-type parent, T3D (Coombs 19%). 

Three point mutations were already identified in tsG453, one or d l  of which are responsible 

for temperature sensitivity, in its S4 gene which encodes the outer capsid protein 03 WcCrae 

& JO= 1978; Mustoe et al.. 1978a; Mustoe et al.. 1978b; Danis et al., 1992; Shing & 

Coombs 1996). At the non-permissive temperature, fi453 produces reduced amounts of 

protein and RNA (Cross & Fields 1972; Fields et al., 1972; Danis et al.. 1992; Shing & 

Coombs 1996). Past experirnents have also shown that at the non-permissive temperature, 

tsG453 infected cells fail to yield complete virions but instead produce large amounts of wre- 

like particles (Morgan & Zweerink 1974, Dais  et al, 1992)- It was concluded that outer 

capsid assembly required p lia3 interactions which were prevented by a misfolded a3 protein 

(Shing & Coombs 1996). To investigate an earlier observed transcnptional difference 

whereby t.sG453 cores appeared more temperature-sensitive than wild-type parent T3D cores, 

tsG453 purified virions and cores were studied in parailel with tsD357. Vion  particles 

preheated at higher temperatures appeared to have a loosely associated 03 shell, indicative 

of a weak p l/a3 interaction which rnay play a role in decreased infectivity. Upon examination 

of heat treated cores, there was a significant decrease in transcriptase capabilities compared 

to wild-type parent T3D. Reassortant analysis indicates that the L 1 gene is responsible. This 

would suggest that tsG453 is a double mutant, not a single mutant as previously thought, or 

altematively, if no gene permutations are present in any phenotypicdy responsible gene, may 

suggest a novel role of gene controlled transcription in reovims. 

To examine viral protein interactions within the capsid fist requires prerequisite 

knowledge about protein orientation. Understanding a protein's orientation d tell us about 
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possible regions available for protein binding as well as the regions that are surface exposed. 

To answer such questions, 1 anaiysed purified virion and core particles by mass spectrometq, 

a technique novel to reovims. In conjunction with time limitecl proteolysis, mass 

spectrometric analysis have revealed primary sufiace exposed regions within virion capsid 

proteins and within core capsid proteins. Two sunace exposed regions were identified in 

outer capsid protein p 1 which is situated beneath a3, suggestive of possible regions capable 

of a3 binding. Furthemore, analysis of an unidentified peptide yields evidence that 03 is 

acetylated at its N-terminus, a structural novelty never before observed in this or other 

reovirus proteins. Core capsid digestions revealed surface exposed regions on core capsid 

protein A1 which were originally thought to be intemal to the capsid. 

To further our understanding of the dynamics of the virion and core as a whole, 

flexibility of the virion or core while maintaining particle stability was probed by looking for 

non-disruptive conformational changes. Past evidence has indicated individual protein 

conformational changes occur during the course of the reovirus life cycle, narnely during ceii 

attachent (Femandes et al., 1994) and uncoating (Dryden et al., 1993). Past studies have 

also provided some evidence to capsid conformational changes, both in virions (Fernandes 

et al.. 1994) and cores (Yeager et al.. 1996). Using mass spectrometry, 1 have identified 

conformational changes within virions that were environment dependent, and within cores 

when they switch to an active state of transcription. 

Combined evidence provided in these studies shed new light on the dynarnics of 

reovirus during the course of an infection, evidence which can be extrapolated to other RNA 

viruses and to al1 vinises in general. 



2. MGTERIALS AND METHODS 

2.1 Stock cells and viruses. Marnrnalian reovirus type 1 Lang (TlL) and type 3 DeaMg 

(T3D) are laboratory stocks- Temperature sensitive (ts) mutant clones tsD357 and rsG453 

[originally derived fiom reovirus T3D as descnbed (Fields & Joklik 1969; Cross & Fields 

1972)], and T1L x tsD357 and TlL x tsG453 [onginally isolated as described (Shing and 

Coombs, 1996)l are laboratory stocks. Ail viruses are grown in the fibroblast mouse ceU iine, 

L929. The ceiis are a continuous ce11 line derived fkom transformed cells epitheiial in origin 

and can be subcultured indefinitely. The cells are maintained at an optimum density of 4.5 - 
5.0 x 10' celldrnl at 37OC in suspension culture in loklik's modified minimal essential medium 

(MEM)(Gibco, Grand Island, NY) supplemented with 2.5% fetal caifserum (FCS)(Intergen, 

Purchase, NY), 2.5% viable semm protein (VSP)(Biocell, Carson CA), and 2 m M  Q- 

glutamine. To maintain an optimal density the cells are counted daily on a haemocytometer 

using a light microscope. A volume of cells is then replaced with fiesh suppiemented MEM 

to lower the concentration of the cells to the optimum level. infections are carried out 

in either ceil monolayers (grown in the presence of 5% CO, at 37OC) or suspension (grown 

at 33 -5°C) that are further supplemented with 100U/ml of penicillin, 100 &nl streptomycin 

sulfate, and 1 pg/rnl amphotericin-B as previously described (Coombs et al.. 1994). 

2.2. Virus passaging and plaque assay. 

2.2.1. Virus passaging. Wild type, ts mutants and reassortant vins stocks were 

amplified through three passages (P,, P,, P3 in mouse L929 cells grown in supplemented 

MEM (as described above). Cells were either diluted to 4.2 - 4.5 x 10' cellshnl and incubated 
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overnight at 37OC in a 5% CO2 atmosphere for next-day infections or were diluted to 1.1 x 

1O6 ceUdml for immediate infection. Cells were grown in T25 Coming flash (Fisher, 

Nepean, ON) until they reached 90% confluency. Most of the media was then removed 

(sorne saved as "pre-adaptive" media) and the cells were subsequently infécted with 0.5 ml 

of the Po stock. V h s  was aiiowed to adsorb to the ce11 monolayer under minimal volume of 

media for 1 hour at room temperature with periodic Mxing every 10 to 12 minutes. A 

volume of 4.5 ml of fiesh MEM (supplemented as described above for virus infections and 

aiso hclude a 30% volume of pre-adaptive media) was then added to each flask and the 

infected monolayers were incubated at 37OC for wild type clones and at 32°C for ts and 

reassortant clones. CeUs were examined daily with the Light microscope to check for 

cytopathic effect (CPE). Once the monolayen displayed - 90% CPE, the T25 flasks were 

fiozen in a -80°C fieezer. M e r  three rounds of fieedthawing, the ce11 aliquots (P,) which 

contained the virus were collected. A volume of 0.5 ml of P, virus stock was then used to 

infect ce11 monolayers in T75 flasks to generate a subsequent round of amplified virus (P3 in 

a similar marner. When a third passage of virus (P,) was required, ceU monolayers in T75 

flasks were infected with virus at a multiplicity of infection (MOI) of one plaque fonning unit 

(PEU) per ceU. On day two of the infection, 2/3 of the media was removed and replaced with 

fresh supplemented MEM The cells were subsequently harvested as described above. The 

dsRNAgenomes of all virus stock types were extracted from the cytoplasm and the presence 

of vinises were confirmed in SDS-PAGE as described below. 

2.2.2. Virus Plaque Assay. Mouse L929 cells were plated at a concentration of 1.1 

x 106 celldrnl ont0 Coming Costar 6-well cluster dishes (Fisher, Nepean, Ontario) to fonn 

monolayers and were grown in a 5% CO, atmosphere at 37OC for wiid type clones and at 
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32OC for ts and reassortant clones. Serial 1: 10 dilutions ofvirus were made in gel saline (137 

mMNaCI,0.2 mMCaCI, 0.8 mMMgC1, 19 rnMHB0, 0.1 mMNaJ3,0,0.3% [dvol]  

gelatin). A volume of 100 pl of  each dilution was used to infect celi monolayers (day 1) 

under minimal volume media. The &us  was allowed to adsorb for one hour wîth periodic 

h g  every 10 to 12 minutes. M e r  adsorption, each well was overiayed with 3 ml of a 

5050 ratio of 2% agar and 2 x Medium 199 supplemented with 2.5% FCS, 2.S%VSP and 

a final concentration of 2 rnM @-glutamine, 100U.ml of penicillin, 100 &nl streptomycin 

sulfate, and 1 ,us/ml amphotericin-B. The ceils were incubated at 37OC for wild type clones 

and at 32OC for ts and reassortant clones. The ceils were fed with 2 ml fiesh agadl99 

(supplemented as above) at 3 days post infection (dpi) for cells grown at 3g°C, at 4 dpi for 

cells grown at 37"C, or at 6 dpi for cells grown at 32°C. Cells were then stained with a 

0.04% neutrat red solution (neutral red in a 1 : 1 ratio of 2X phosphate buffered d n e  (PBS) 

to 2% agar) at 6 dpi for cells grown at 3g°C, at 7 dpi for cells grown at 37"C, or at 

approxirnately 14 dpi for cells grown at 32OC. Viral plaques were counted 18 ta  24 hours 

afler they were stained and the viral titres were calculated. 

2.3. Purification of reovims particles. 

2.3.1. Virus amplification. To pur* enough virus particIes, batch infections r 1 L 

were set up. For each litre of batch infection for purification, a total of 6.5 x 10' suspension 

grown cells were centrifbged at 700 rpm for 10 minutes in an IEC fïoor centrifùge. The 

resultant pellet was re-suspended in fiesh MEM supplernented with 2.5% FCS, 2.5% VSP, 

100Ulml of penicillin, 1 00 pglml streptornycin sulfate, and 1 pghi amphotericin-B to a final 

volume so that upon virai addition, the final concentration was no higher than 2.0 x 10' 
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cellshnl. Virus fiom a P, or P3 stock was added at an MOI of 5 PFU/ceU and aüowed to 

adsorb with periodic mWng every 10 to 12 minutes. Mer  one hour, the infectecl ceils were 

dikted to a concentration of 6.5 x 10' cells with 75% fresh MEM supplemented as descnbed 

above and 25% pre-adaptive medium nom ceU suspension. The infecteci cells in suspension 

were then incubated at 33 -5°C for 65 hours. Longer incubation times were needed for certain 

clones and celi harvesting did not occur until60% ce11 death was observed by Trypan Blue 

staining using a haemocytorneter. After incubation, the cells were centrifugeci at 3,500 rpm 

for 20 minutes in a fixed-angle rotor (JA-10) in a Beckman RC centrifuge (Beckman, 

Mississauga, ON). The cells were resuspended in 12 ml HO BuEer (Homogenization buffer, 

10 mM Tris, pH 7.4,250 mM NaCl, lOmM f3-mercaptoethanol) and transferred to a 30 ml 

COREX tube. Suspensions were either fiozen and stored at -80°C or used immediately for 

purification. 

2.3.2. Virus Purification- Cells suspended in HO were thawed iffiozen and kept on 

ice. Samples were sonicated for 10 seconds to dismpt both cells and clump formation during 

fieeze-thaw. Cell membranes were fùrther disrupted with the addition of 1/50 sample volume 

of 10% DOC (desoxycholate) followed by vortexlng and incubation on ice for 30 minutes. 

Then, 2/5th volume of Freon 1 13 (1,1,2-tricholoro-l,2,2-trifluoroethane) (Caledon 

Laboratories LTD, Georgetown, ON) or Vertrel XF (1,1,1,2,3,4y4y S,5,5-decafiuoropentane) 

(DuPont Chemicals, Wdmuigton, DW) was added to the suspension and made into an emulsion 

by sonication for 30 seconds or more at 35% duty cycle with the sonicator probe (Vibra Celî) 

(Sonics & Materials Inc., Danbury, CN). Another WSth volume of the sarne organic solvent 

was added and the solution was re-emulsified and then centrifllged at 9,000 rpm for 10 

minutes in a fixed-angle rotor (TA-20) in a Beckman RC centrifuge @Bechan, Mississauga, 
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ON). The resultant solution separated into two phases: an aqueous phase on the top and an 

organic phase on the bottom. The top phase was collected using a plastic pipette and 

transferred into a fiesh 30 ml COREX tube- Identical organic solvent was added at 9/10th 

the volume of the collected phase. The solution was re-emulsified and re-centriftged as 

described above. If the aqueous phase was not clear enough, the sample was solvent- 

extracted a third t h e .  The resulting aqueous phase was then layered ont0 a pre-fonned 1.2 - 
1.4 gmkc cesium chloride gradient made in a SW-28 polypropylene tube (Beckman 

Instruments Inc., Palo Alto, CA) and ultracentrifbged in a Beckman SW-28 rotor at 25,000 

rpm for a minimum of 5 hours. Purified viruses formed a band that was collected through 

bottom puncture, their densities checked using a refiactometer (Bausch and Lomb, USA), and 

then loaded into dialysis tubing for extensive dialysis against D-Buffer (Dialysis Buffer, 150 

mM NaCl, 15 mM MgCl, 10 mM Tris, pH 7.4) to remove cesium chloride. Virus and Top 

Component were collected into appropriate vessels and stored at 4°C or frozen with the 

addition of 25% glycerol at -80°C. The concentration of purified virions was measured 

(before the addition of glycerol) by UV spectroscopy where the relationship 1 OD,, = 2.1 

x 10'' particleshnl (Smith et al.. 1969). 

2.4. Determination of temperature sensitivity. An efficiency of plating (EOP) assay was 

used to determine whether a virus clone was ts. Sub-confluent 6 weU tissue culture plates 

were infected with serial 1: 10 dilutions ofa virus stock in duplicate and incubated et 32.0°C 

(permissive temperature) and 39.0°C (non-permissive temperature) as described in section 

2.2.2. The viral titre obtained at each temperature was determined by plaque counts. To 

determine ts status, the following formula was used to calculate the EOP ratio: 
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Criai titre at non-permissive temperature 

Vkd titre at permissive temperature 

Non-ts clones will have an EOP vatue near 1 10 whereas 2s clones will have a value 

signifïcantly lower than the wild-type value; usually a ditference of at least one magnitude of 

10 (Coombs 1998). 

2.5. Reassortant mapping 

2.5.1. Cytoplasmic extraction of viral dsRNA. L929 ce11 monolayers were set up 

in Coming P60 culture dishes- After they reach sub-conhency, the ceiis were infecteci with 

0.3 ml of virus PZ lysate stock and overlayed with 75% cornpleted MEM and 25% pre- 

adaptive media (as described in section 2-2.1). Infections were incubated at 32°C for 6 days 

or until -90% CPE was observed. CeIls were then harvested by "scraping" the ceil monolayer 

fiee and transferred to centrifuge tubes. Cells were pelleted under centrfigation at 1 100 rpm 

in the IEC fluor centrifùge. The ce11 pellets were resuspended in 0.45 ml of NP-40 buffer 

(140 mM NaCI, 1.5 r2id F.IgC12 lOmM Tris, pH 7.4) and the cell membranes dissolved by 

adding 50 pl of 5% NP-40 detergent, vortexed to mix and incubated for a minimum of 30 

minutes on ice. Cellular nuclei and organelles were pelleted under centrifùgation at 2800 rpm 

in the Biofuge (VWR Scientific, Toronto, ON) for 10 minutes. Resultant supematants were 

collected and transferred to a sterile microfuge tube (Fisher, Nepean, ON). Samples were 

either fiozen at -20°C or used immediately. A pre-mixed solution was prepared (30 pl of 1 

M Tris, pH 7.8,3 pl of 200 mM EDTA, pH 8,60 pl of 10% SDS) and added to each sample. 

Samples were then heated for 15 minutes at 42°C and the viral dsRNA genomes were purified 

by phenoVchloroform extraction (sequential addition of 14 pl of 5 M NaCl and 600 pl of 
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phenol/chlorofom at a 1 : 1 ratio). Samples were mixed thoroughly by vortexing and then 

reheated to 42°C for 30 seconds followed by centrifugation at 12,500 rpm in a microfbge for 

5 minutes. The resulting top aqueous phase was collecteci and transferred to a steriie 

microfige tube and placed on ice. To precipitate the dsRNq sodium acetate to a finai 

concentration of 0.1 m M  and 2.5 volumes of ice-cold ethanol were added to the samples 

which were then stored ovemight at -20°C. The precipitated dsRNA was then peiieted at 

12,500 rpm for 30 minutes at 4OC in the Biofûge. To dry the RNq sarnples were lyophiüzed 

(SC100 speed-vac, Savant, Holbrook, NY) for 30 minutes, then resuspended in 35 pl of 1X 

electrophoresis sample buffer (240 mM Tris-HCl, pH 6.8, 1.5% dithiothreitol, 1% SDS). 

Samples were stored at -20°C if not used immediately. 

2.5.2. Identification of reassortants by sodium dodecyl sulfate polyacrylamide 

gel electrop horesis (SDS-PAGE). RNA samples prepared (as described in section 2.5.1) 

were resolved by SDS-PAGE as descnbed in section 2.6. Reassortants were identified by 

comparing the migration of the RNA gene segments to parental wild-type controls as 

described (Sharpe et al., 1978, Nibert et aL. 1996). 

2.6. SDS-PAGE. AU samples to be resolved by SDS-PAGE were dissolved in 1X 

electrophoresis sample buffer (240 mM Tris-HCI, pH 6.8, 1 -5% dithiothreitol, 1% SDS). 

9% or 10% SDS slab gels (16 x 16 x 0.1 cm or 16 x 16 x 0.15 cm) for RNA andysis were 

poured and polymerized ovemight. For protein analysis, a 15% or a 5-1 5% gradient SDS gel 

was poured and polymerized for 4 hours (for the 15% gel) or ovemight (for the gradient gel). 

RNA and protein samples were heated to 65°C and 9S0, respectively, for 5 minutes. Equal 

volumes of sample were loaded into wells and resolved at 18 rnA for 40 houn for RNA 
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samples or at 5 W for 4 to 5 hours for protein samples. For RNA visualizattion, gels were 

stained with 0.1% ethidium bromide, visualized under W light and photographed with 

Polaroid 667 film or visualized using a Gel Doc 2000 (BioRad) apparatus. For protein 

visual'ition, gels were fixed in acetic acidfmethanoi and then stained with Coomassie 

Brilliant Blue. For preservation, gels were dned between cellophane layers or ont0 filter 

paper at 80°C for 2 hours on a Gel Dryer (Slab Gel Dryer, SGD4050, Savant). 

2.7. Generation and purification of core particles. To generate cores, high concentrations 

of purified virions were required; 25 x 10" particles/ml for T3D or 10 fold higher for other 

strains, a phenotype shown to be attnbuted to the M2 gene (encoding the outer capsid protein 

p 1Ip 1 C) (Drayna & Fields 1982a). Virions were adjusted to a final concentration of6 x loU 

particleshnl with D buffer. 1110th the volume of 2.2 m g h l  TLCK-treated a-chyrnotrypsin 

(made up in D bufTer) was added to the vinons which were then incubateci, with penodic 

mixing, at 37°C for 2 to 3 hours (JokIik 1972)- Successfûl concentration of vins and 

generation of cores was indicated by a change in colour and by the appearance of a flocailent 

late in the incubation. At the end of the core incubation, a-chymotrypsin was inhibited with 

the addition of 1X PMSF @-phenylmethyIsulfonyl fluonde) followed by vortexing and 

incubation on ice. The mixture was layered ont0 a pre-formed 1.3-1.55 gmkc cesium 

chloride density gradient in a %" x 2%" SW-41 ultracentrifige tube (Beckman Instruments 

Inc., Pa10 Alto, CA) and ultracentrifbged in a Beckman SW-41 rotor at 35,000 rpm for a 

minimum of 3 hours. Purified cores formed a band that was coiiected and loaded into dialysis 

tubingfor extensive dialysis against Core Buffer (1 MNaCI, 100 mMMgCl,25 mMHEPES, 

pH 8.0). Cores were collected in a 1.5 ml centrifbge tube (Fisher, Nepean, ON) and stored 

34 



at 4°C or fiozen with the addition of 25% glycerol at -80°C. The concentration of purified 

cores was measured (before the addition of glycerol) by W spectrosmpy where 1 OD, = 

4.2 x 1012 particledm1 (Coombs et al., IWO). To confimi core purity, an aliquot ofcores was 

run on a mini-SDS-PAGE gel to observe the characteristic protein profile or viewed by 

electron microscopy as detailed in section 2.9. 

2.8. Transcription assay. The transcription assay is rnodified Eiom previous methods 

(Skehel & Joklik 1969; Drayna & Fields 1982a). A typical transcriptase reaction is carried 

out in a final volume of 50 pl in a silanized, RNAse-free 1.5 ml centrifùge tube (Fisher, 

Nepean, ON)(for mass spectroscopie and electron microscopy analysis, the final volume was 

scaled down to 20 pl). As the transcription reaction is saturable by the concentration of 

cores, s 3.5 x 10'' total gradient purifïed core particles in s4.5 pl were used. Transcriptase 

activity was reported to be highest between 8- 10 mM MgCl,; therefore, the amount of con 

b e e r  must be carefblly monitored (Yin et al., 1996). Cores were diluted in core buffer, 75U 

RNAsin (Boehringer, then later, 5 Prime 3 Prime Inc. Bouider, CO), 2X TRB (Transcription 

Reaction Buffer: 2 rnM each of ATP, CTP, GTP, and UTP (Sigma Chemicals); 3 mM 

phosphoenol pyruvate (Sigma); 0.1 mgmi pyruvate kinase (Sigma), 200 mM HEPES, pH 

&O), and diethyl pyrocarbonate (DEPC) treated water to bnng the final volume to 50 pl. To 

reduce variability due to pipetting errors, a single larger reaction mixture was prepared and 

then divided into equal aliquots. The reactions were labelled by the addition of O. 1 pCi 

UTP (NEN-Mandel, Mississauga ON). The reaction was then incubated at 376S°C 

(optimum is 48'C for TlL and 52°C for T3D) for one hour and stopped by chilling on ice. 

The core-generated messenger RNA @RNA) was precipitated with 8 volumes of ice-cold 
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5% trichIoroacetic acid (TCA), collected ont0 filters (Fisher, Nepean, ON), and washed with 

excess 5% TCA and ice-cold ethanol. The level of radioactivity present on the mers was 

determined on aBeckmanLS 5000CE scintillation spectrophotometerand is indicative ofthe 

level of transcriptase activity. 

2.9. Electron microscopy of reovirus particlu. Virion or core particies were prepared for 

viewing by electron microscopy by a standard drop method described elsewhere (EIammond 

et al., 1981; Hazelton & Coombs 1995). Briefly, a drop of untreated virions or wres were 

placed on clean parafilm (in the case oftranscnbing cores, samples were treated and fixeci by 

adding 9 volumes of O. 1% gluteraldehyde in PBS (phosphate buffered solution)). In some 

instances, virions were diiuted 100 fold with O. 1% glutaraldehyde in dialysis bufEer to stabiiize 

viral structures. 400-mesh electron microscope copper grids (3.05mrn), pre-carbon-coated 

with Formvar, were placed carbon-side down ont0 the surface of the sample drop for -30 

seconds. Excess sample was wicked away by touching filter paper to an edge of the grid. 

The sarnple was then negatively stained with 1 -2 mM phosphotungstic acid, pH 7.0 for -30 

seconds. Excess stain was wicked away as previously descnbed. Samples were then viewed 

with the use of a Philips mode1 201 transmission electron microscope at magnifications 

between 50,000X and 100,000X. Electron micrographs were photographed ont0 Kodak 

5303 direct positive film and printed ont0 Kodak Polycontrast III paper. 

2.10. Determination of the T3D and tsD357 L1 gene sequencw. 

2.10.1. Virus template preparation. Virus template was obtained from purifieci T3D 

or lsD357 virions. In a 0.6 ml silanized centrifuge tube (Fisher, Nepean, ON), virions were 
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diluted in D-BuEer, 50 rnM Tris, pH 8.0, 1 -7 mM EDTA, pH 8.0, and 10./. SDS. The 

mixture was vortexed and incubated at 42°C for 15 minutes. The genornic dsRNA was 

isolated by two rounds of phenoVchloroform extraction as descnied in section 2.5.1 foiîowed 

by one round ofchloroform only extraction. dsRNAwas precipitated overnight at -20°C with 

sodium acetate to a final concentration of O. 1 m .  and 2-5 volumes of ice-cold ethanol- The 

dsRNA pellet was then resuspended in 20 pl 90% DMSO (dimethyl sugoxide) and 100/o 10 

m M  Tris, pH 6.8. Template was either used imrnediately or stored at -20°C- 

2.10.2, Primer design specific for the L l  gene. The nucleotide sequence ofthe T3D 

L1 gene is known (Wiener & Joklik 1989) and is available on GenBank (Accession # 

M3 1058); however, the GenBank sequence contains errors within the füst 24 nucleotides. 

Therefore, primers were designed for recognition of the LI gene sequence reported by 

Wiener and Joklk As T1L and T3D show high homology in the Ll gene, 12 interna1 primers 

were designed and targeted to conserved areas spaced apart to allow for sequencing ofthe 

entire gene in both directions. The four end primers that were used for sequencing were 

created by a former student in the lab, Rashmi Goswarni. The prirners were designed using 

Primerselect (DNASTAR Inc-, Madison, WI) and ordered in a desalted fonn from GIBCO- 

BRL (Life Technologies) (see Figure 5 for primer specifics). Prirners were resuspended in 

DEPC-treated water and their concentration determined by UV spectroscopy. 

2.10.3. Reverse transcriptase polymerase chain reaction (RT-PCR). dsRNA 

template was converted to ssDNA by RT. The L1 gene is 3.85 kb long; therefore due to its 

large size, the gene was arnplified into two overlapping parts: a 2-75 kb and a 1.30 kb 

product. A volume of 6 pl of punfied template (dsRNA) prepared as d e d b e d  in section 

2.10.1, was melted in a heating block (PRC-100; M .  Research Inc., Watertown, MA) at 50°C 
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gctacacgtt 
gacgtgtttg 

gcgatgcttc 

ccacgacart Wcatccatg 
aagatgcagc aaaagcattc 

caatccctcc aactatatat  

atactgactc agtttggacc gttcattgag 
tc ta tgt t ta  ctcgcagcga tgtctacaag 

acgaaaccat ctcacgattc atattattac 

agcatttcag gtatcactga tcaatcgaat 
gcgctggatg aaataccttt ctctgatgat 

attnatcctc caaaccatqt acqtcacaaa 
Ll m u - 2 r c  

ccacatgaga ctctgacatc ttatgggcgg 
acgtatggta gaatcgctga atctcaagct 

gccctgatqa cgtgtacgta 
ccatcgagaa tcgtgccaag 

cctaattgtt  ctattgttga attgctggag 
gatggggaca gccaagccag aatcgccaca 

cgacagatta 

tatgatgaga 
gcaccttacc 

aatttagcta 

aggc tccat t 
ttccaga t c t  
t t tact ta tc  

ttt tgcaaca 

ggagaagttt gtgttggcac tattagtggc cgaagcaggg 
atcgcataat: tgccctttat ggtgttttag agagatctgt 
tgcaggggta ttctggttaa tgtcaccacg aatgacgtct 

aactgcgggt ttagatccat cattagtgaa attgggagta 

gggtctt tat  atgatccagt tttgcagaag 
cgtcacatat ctggtccatt accagatcgg 
gcaatccctc cgctactatc cgatcttgtt 

Cacratatclcc :tcacccanc ùactagctca 
LX mal-@O3 

agttattcat ggt t ta tc t t  
aatggttaga 

aaagactaag t c t a t t t t t c  ctcaaaacac gttgcacagt atgtatgaat ctctagaagg gggatactgt 
ccattgtccg ctaagtatgc taggtcggcg cctaatcttg gcctagatca gactataagt tcatgtacat gggagtcatg 

LI -OIS-1041 
ggtgagcttc gtaaacggac aaagacgtat 
a t t t tc t tgg taagaacacc caccgaaacg 

ccgtccaatg 
gttaaacatg 
gtattgcaag 
aaagatacaa 

ataagaaagc 
actttgcttc 
aatatacgca 
caagttccat 

gcgggaactt ggcgagaaat atggactgag 
agtgaggtac attcgtgacg ctatggcatg 
gagtccggag attaaggttc ccattcccca 
cgcgcgttac ttatatagaa catggtactt 

ctcagtcgtc 
tactagcggt 
gaaagactgg acaggcccaa taggtgaaat cagaattcta 
ggcagcggcg agaatggcçg cccaaccacg cacqtgqgat 

Lf U13Gl347 

ccattgtt tc aagcgattat gagatctcaa tacgtgacag ctaggggtgg atctggcgca gactccgcga actctttgta tgcaatcaat 
LI f l517-a37 

attccaggcg gcacaattag cgaacttgcc gttctcccac 
gcagaggcgg ccacgatcca ttatgccatt aaatgtgccc 
ccacatgaat ctatcaccca cgtctggtag tgcggtcatt 
gatcaacatt gacatatctg cgtgtgacgc tagtattact 

gggcttacca gtgaaggcag caactaagat 
tgacacttca atgggattgc gaaatcaggt 
ccatacattg acagcggatt acattaacta 

gtgtcgttac - 
acatcagtgg 
cagcagcagg 

gagaaggtga 

ctgatttcaa 
c ta  taccagc 
tttcggcgcc 
ttcctttagg tgtacacqct tcgaqccctc ccaaccagtc 

tl 81733-1156 

tgggatttct 
tccattgtaa 

ttctgtcagt 
atgatgagtc 

gattatggcg gctatacacg aaggtgtcgc 
tgccgttgga gtgagagctg ctaggccgat 

tagtagctcc attggaaaac catttatggg ggttcctgca 
atcgggaatg cagaacatga ttcagcatct atcgaaacta 

Ll 22056-2078 
cgattt tact catatgacta ccactttccc gtcaggttca 
tttcctgaca gtatggggac ccgaacatac tgacgaccct 
tcaaggtgat gatggattaa tgattatcga tgggactact 
aaaatatggt gaggaattcg gatgwaata tgacatagcg 
aattccaaat cttagtcgcc atccaatcgt ggggaaagaa 

tataaacgtg gattt tcata tagagtaaac g a t t c t t t t t  ccccaggtaa - 
acagccacct ctactgagca tactgctaat aatagtacga tgatggaaac 
gacgtcttac gtttaatgaa gtc t t taact  attcaaagga attacgtacg 
gctggtaagg tgaacagtga aactattcag aacgatctag aattaatctc 
taccatjgqa ccqccqaata cttaaagcta tacttcatat  ttggctgtcg 

L1 833434366 - 
tatgggtgtc t tc t t taatg  gtgttcatga tgggttacag cgggcgaatt cttcagcaga ggagccatgg ccagcaattc tagatcagat 

e c  
tggcagcggt ggatacgtta ttcatgggct ctatgctgtg ctttctcacg tcaaagaaca atgattggtg agagcgtggg tcacctccaa 

tgggtcagac ccatggatat tttcttggta catgcctact tatcctatgt ggtctt t tgt  ctactgggga ttaccactgg ttaaagcgtt 
ggagatctgg gaatgtatag ttggattagc ttgatacscc ctctnatqac aaqatggatg gtggctaatg gttacgtaac tgacagatgc 
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tcaaccgtat tcgggaacgc agattatcgc aggtgtttca atgaacttaa actatatcaa ggttattata tggcacaatt gcccaggaat 
cctaagaagt ctggacgagc ggcctctcgg gaggtaagag aacaattcac tcaggcatta tccgactatc 

L1 V2986-3007 
tgctacgtgg tcgtagtgag tgggagaaat atggagcggg gataattcac aatcctccgt 

taatgcaaaa tccagagctg 

cattattcga tgtgccccat 
taatgcgcgc tcgaaggcac 
aaccgtcggt tgatttgcga 
tgccccagag tacgagaaag 
tattacgact gcgaacatta 

aag tcacgtg 
aaatggtatc 
agctattcga 
ttaccattat 
tactttgctc 

agggtgcgca agaggcagca atcgctacga gagaagagct ggcagaaatg gatgagacat 
gctcttcaaa gttattagag gcgtatctgc tcgtgaaatg gcgaatgtgc gaggcccgcg 
gtgcgggtat tgacccatta aactcagatc ctt t tctcaa gatggtaagc gttggaccaa 
aqacactacc cacçgcaaag acggtgtcgg gtcttgacgt taacgcgatt gatagcgcgt 

LA -342-3365 
&l t345&347@ 

ggtgctgata 
caggatgtga 
caccacgtca 
ttaggtgccg 
aga ttcatga 

agaaagcatt aacggcgcag ttattaatgg tggggcttca ggagtcagaa gcggacgcat 
atactgtgca attagccaga gtggttaact tagctgtgcc agatacttgg atgtcgttag 

tggccgggaa gataatgcta 
actttgactc tatgttcaaa 
tacgggccat tttacgattc 
gtggtcggtc acttggacag 
catc 39 3854 

agctgcttcc caaagatgga cgtcatctaa atactgatat tcctcctcga atgggatggt 
gaatggtaat gactgcgact ggagttgctg tcgacatcta tctggaggat atacatggcg 
cttggatgcg acaggaagga cggtcagcgt oagtctacca tgggtcgtgg tgcgtcaact 
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Figure 5. T3D L1 gene sequence and the location of designed primers. The sequence 

ofthe T3D L1 gene was obtained fiom GenBank (Accession # M3 1058) and correcteci (3854 

nucleotides) (Wiener & Joklik 1989). The coding strand of the gene is shown 5' to 3'. Blue 

lines indicate where primers bind to the non-coding 3' to 5' strand. Red Lines indicate where 

primers bind to the coding 5' to 3' strand, The codon in green marks the initiation codon- The 

codon in red marks the stop codon The L1 gene primers are labelled by a letter designation 

indicative of which strand they bind to (T-top, B=bottom) and by numbers indicative of their 

location- Pnmers A, B, C, and D were created previously by Rashmi Goswami and in 

addition to sequencing, were used as descnbed in section 2.10.3 to generate overlapping 

cDNA 



for 45 minutes. Samples were immediately transferred to an icdwater bath and snap-cooled 

by adding 63 pl of ice-cold DEPC-treated dd&O (double distilled water). Then, in order and 

without mbüng, the followhg were added: 32U (0.8 pl of 40UIpljof RNAse inhibitor 

(Boehringer), 0.1 pM (1 pl of 10 @Q of each an upstream and a downstream primer per 

strand, 5 pl each of 10 m .  dATP, dCTP, dGTP, and dTTP, 20 pl of 5X la Strand BufTer 

(250 mM Tris-HCI, pH 8.3, 375 mM KCl, 15 mM MgC13, 0.001% BSA (Bovine semm 

albumin; Sigma)(l pl of 10 rnghl) ,  1 pM (1 pl of 100 @f) DTT, and 160U (0.8 pl of 

200U/pl) of Superscript II reverse transcriptase enzyme (Gibco-BRL). The mixture was 

brought to a final volume of 100 pl with ddH20 and then incubated at 42°C for 1.5-2 hours. 

Samples were immediately used for amplification as ssDNA is relatively unstable- 

2.10.4. Amplification of L l  gene and purification of cDNA. The cDNAproduced 

by reverse transcription as described in section 2.10.3 was amplified using theExpandmLong 

Template PCR System according to the manufacturer's instructions (Boehringer Manheim). 

Briefly* to ampliS, one strand, 8 pl of cDNA was diluted to a final volume of 100 pl with 

ddHH,O with the following reagents at a final concentration of 0.3 p M  of an upstrearn and a 

downstream primer, 0.5 rnM each of dATP, dGTP, dCTP, and dTTP, 0.75 mM MgCl, 1X 

~ x p a n d ~  Long Template PCR buffer 3, and 2SU of ~ x p a n d ~  Long Template enzyme 

mixture. PCR was performed on a GeneAmp PCR system 9700 (PE Applied Biosystems; 

Foster City, CA) for 5 cycles (94°C for 1.5 minutes to denature cDNq 5S°C for 1.5 minutes 

to allow primers to anneaI, and 70°C for 3 min 10 seconds for elongation) foilowed by 3 1 

cycles (92OC for 1.5 minutes to denature, 55°C for 1.5 minutes to anneal primers, and 70°C 

for 3 min 10 seconds to elongate) with a final elongation step of 70°C for 10 minutes. 

Samples were then cooled to 4°C and could be stored indefinitely. 
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To confirm amplified product, a small aliquot of sample diluted in DNA 

electrophoresis sample buffer was run on a 0.9% agarose horizontai slab gel in 0SX TBE 

BufEer (45 rnM Tris, 45 mM bonc acid, 1 mM EDTA, pH 8. O), containing 0.1% ethidium 

brornide for later DNA visualization under UV, at lOOV for -1 -5 hours- A 1 kilobase (kb) 

ladder (Boehrüiger Manheim) or purified vinons were used as markers- Using a Gel Doc 

2000 (BioRad) apparatus, a 2.75 kb and a 1.30 kb product were observeci confixming 

successfbl amplification. Next, a large volume of sample was run on a larger 0.9% agarase 

gel prepared as described above. The resultant bands were excised using a sterile razor blade 

on top of a W light box. The DNA was then extracted fiom the agarose using the 

QLAquickW gel extraction kit (Qiagen, Germany) according to the manufacturer's 

instructions. The purification and quantity of product was detemhed Qy visual cornparison 

to a marker of predetermined amounts) on an agarose gel as descnbed above. 

2.10.5. Cyde sequencing. Cycle sequencing was camed out using the ABIPRISM@ 

BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer (PE) Applied 

Biosysterns, Foster City, CA). Individual sequencing reactions were set up for each primer 

for both T3D and r d 3  57 which consisted of the following: 3.2 pmol of primer, 30-90ng of 

cDNA template, 4.0 - 8.0 pl BigDyeTM Terminator Ready Reaction Mix (consisting of dye 

teminaton, dNTP's, rTth pyrophosphatase, MgCl, Tris-HCl buffer, pH 9.0, and the 

AmpliTaq DNA Polyrnerase, FS), and deionized water to a final volume of 20 pl. Cycle 

sequencing was perfonned on a GeneAmp PCR system 9700 for 1 cycle of96OC for 1 minute 

30 seconds, 55°C for 15 seconds, and 60°C for 4 minutes followed by 35 cycles of 96OC for 

30 seconds, 55°C for 15 seconds, and 60°C for 3 minutes 10 seconds followed by c w h g  to 



4°C. The products were then purified by two rounds of isopropanof precipitation 0 1 5  

minutes to not lose very short extension products and <24 hours to not increase the 

precipitation ofunincorporated dye teminators), dried (on a lyophiliter or thermoblock), and 

resuspended in 22 pl template suppression reagent (AB1 PRISN Perkin Elmer) for 1 hour- 

Samples were then heated to 95°C for 2 minutes to denature the strands and immediately 

foiiowed by snap cooling in ice-water. The AB1 PRXSM 3 10 Genetic Analyzer (PE Applied 

Biosystems Foster City, CA) was used to determine the sequence for each reaction. Chromas 

version 1.45 WcCarthy, 1998) was used to manually analyze sequences to ensure accuracy. 

EditSeq @NASTAR Inc., Madison, WI) was used to constmct the entire sequence of the 

gene and MegAlign (DNASTAR Inc., Madison, U?) was used for sequence cornparison 

between T3D and tsD357. 

2.11. Protein secondary structure analysis. The completed nucleotide sequences of the 

T3D and fsD357 L1 genes were converted to their respective sequence of amino acids using 

the program DNAClub (Ithaca, NY). The amino acid sequences were compared using 

MegAlign (DNASTAR Inc., Madison, Wl) and the differences identified. The predicted 

protein secondary structure was calculateci using various computer prediction programs: 

PSIPRED (version 2.0; Uxbridge,  UK), SSpro  2 Prediction 

(http://prornoter.ics.uci.edu/BRNN-PRED/), PredictProtein (Columbia University, New 

York, NY), and Protean (version 3.04b; DNASTAR Inc., Madison WI). The hydrophobic 

cluster analysis (HCA) plot was generated using the computational program DrawHCA via 

the Intemet (http://www.hcp.jussieu~fi/~soyer/~-hcanica-f~rm~html)(Gabona~d et al.. 



1987). The hydrophilicity plot was based on the Kyte-Doolittle algorithm (Protean). The 

antigenic index plot was based on the Jameson-Wolfalgonthm (Protean). The a3 Xiay 

crystallographic structure (Oliand et al., 2001) was manipulated and modified using the 

graphics visualization computer program RasMol 2.7.1. (Bernstein and Sons, Belport, NY). 

2.12. Proteolytic digestion. 

2.12.1. Generation of radio-labelled reovirus virions and cores. Purified virions 

were generated as described in section 2.3.1 and 2.3 -2. Virions were labeiied by adding >20 

mCi 3sS-methionine (NEN-Mandel, Mississauga ON) per L of infection d u ~ g  the incubation 

period of amplication. Most of the "S-labelled vinons were converted to cores by a- 

chymotrypsin digestion and purified as descnbed in section 2.7. Labelleci virions and cores 

were quantified by both W spectroscopy and by scintillation counts. 

2.12.2. Proteolytic digestion of virions and cores. Proteases (trypsin, a- 

chymotrypsin, pepsin, proteinase K, and staphylococcus V8 protease) were purchased fiom 

Sigma Chemicals and were resuspended in their appropriate buffers (either &O, D Buffer, 

pH 7.6, or Tris-HCI, pH 3 .O) and stored at -ZO°C. Proteolytic digestions of virions (adjusted 

to pH of either 3-0, 4.5 or 7.6) or cores were carried out in 0.6 ml centrifiige tubes with a 

protein to enzyme ratio adjusted between 20: 1 to 3000: 1. Digestions were carried out over 

a time course at 37OC or SO°C. Aliquots fiom the digestion reaction were removed and the 

sarnples were inhibited with the addition of an enzyme inhibitor (PMSF), a pH change (O. 1% 

TFA, trifiuoroacetic acid, or 10 m .  Tris pH 7.4) or by cooling on ice. Resultant peptide 

produas were analysed by SDS-PAGE (descnbed in sections 2.6 and 2.12.3) or MALDI- 

QqTOF mass spectrometry (described in section 2.12-4). 
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2.12.3. Analysis by fluorognphy and phosphor imaging. Vuai proteins and 

proteolytic digestion peptide produas were resolved by SDS-PAGE as previously describecl 

in section 2.6. Mer the gels were fixed, they were treated with Enlightening (DuPont 

Chemicals, Boston, MA), dned ont0 filter paper at 80°C for 2 hours on a Gel Dryer (Slab Gel 

Dryer, SGD4050, Savant) and fluorographed by exposure to Kodak X-ARsheet film wodak, 

Rochester, NY). Altematively, dned gels were exposed to a Molecular Imager Fx Imaging 

screen (BioRad) for 12-24 hours at room temperature to generate a phosphor image. Images 

were then analysed by a Persona1 Molecular Imagero Fw (BioRad). 

2.12.4. MALDI-QqTOF mass spectrometry. 

2.12.4.1. Preparation of sam ples. T 1L virion proteolytic digestion sarnples 

were prepared as descnbed previously in section 2.12.2. To keep the intact virion stable, it 

was necessary to pedorm proteolytic digestions at high concentrations of salts @-BufEer). 

The resulting products were then diluted with dH,O 1 in 5 to reduce the salt concentrations 

to low levels favourable to the MALDI-QqTOF mass spectrometer- 

Transcribing and non-transcribing cores were analysed. Optimal transcription by 

cores occurs when cores are maintained at low particle concentration. In addition to the high 

salt concentration cores are made up in (core buffer), a typical transcription reaction 

introduces more salts. To circumvent this problem, transcription conditions were modied. 

Cores were dialysed in 100 mM Tris pH 8.0 to remove core buffer and the 200 m M  HEPES 

pH 8.0 in 2X TRB was substituted for LOO mM Tris pH 8.0. Furthemore, pyruvate kinase 

and phosphoenol pynrvate were removed fiom the transcription mixture. T 1L and T3D cores 

in core buffer or 100 mM Tris, pH 8 -0 buffer underwent transcription in a typicai transcription 

reaction or under modified conditions. Both non-transcnbing and transcnbing cores were 
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then digested with trypsin at 37°C and equal aliquote were rernoved over t he .  As opposed 

to virion digest products, core peptide products were concentrated by evaporating the 

solvent, then re-suspending the sarnples in a smaller volume of dH@. 

2.12.4.2. M S  and MSlMS analysk Samples were analysed on a prototype 

MALDI QqTOF mass spectrometer built at the University of Manitoba in coliaboration with 

MDS Sciex (Concord, ON). The MALDI QqTOF mass spectrometer consists of a matrix- 

assisted laser desorption/ionization (MALDI) source coupled to a tandem quadrupole/time- 

of-flight (QqTOF) mass spectrorneter by means of a collisional damping interfkce. A 

schematic diagram of the MALDEQqTOF is shown in Figure 6. A matmt solution of 160 

m g h l  DHB (2,s-dihydroxybenzoic acid, Sigma) was prepared in a 1 : 1 mixture of acetonitrile 

and water. Next, a 1:l ratio of sample and matrix solution was prepared and O S  pl was 

placed ont0 a gold target probe. The probe is placed about 4 mm from the entrance of the 

quadrupole ion guide qO. Single MS (mas spectrometry) spectra were acquired by 

irradiating the sarnples with a nitrogen laser (Laser Science Inc.) mode1 337 ND at a 

repetition rate of 7 Hz for tirne intervals around one minute unintempted. Argon was used 

as the cooling gas in QO. Tandem mass spectra (MS/MS) were acquired at a laser repetition 

rate of 9 Hir. Selected ions were fiagmented using argon as the collision gas. The collision 

energy was set by applying the accelerating voltage by the rule 0.5 V/Da and then adjusted 

manually to obtain desirable fiagrnentation of the parefit ion. Spectra data acquisition and 

analysis was perfonned using software developed in-house (Toha). Calibration of the mass 

spectrometer was based on the quadratic equation and was typically calculated using two 

known mass peaks. To identifL the peptide fiagrnents, the m/z of monoisotopic ions were 
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Figure 6. A schematic cartoon of the MALDI QqTOF mass spectrometer (Shevchenko 

et al. 2000). The MALDI QqTOF mass spectrometer consists of a MALDI source coupled 

to a tandem quadrupoldtirne-of-fiight (QqTOF) mass spectrometer by means ofa collisionai 

darnping interface. A laser is pulsed at a repetition rate of 7- for single M S  and 9- for 

tandem MS. The ions are cooled and accelerated through the quadrupoles. The ion beam 

is deflected and its time of flight is recorded once the beam hits the anode detector. 



used to search databases using the computational program ProMac (Sciex, Concord, ON) or 

to search databases on the Internet by the MS-Tag and MS-Fit program 

(http://prospector.ucsfedu/). 

2.13. Statistical analyses. The nonparametric Wilcoxon rank sum test was used to detennine 

the relative contribution of any single gene in reassortant mapping experiments (Aassard 

199 1). A minimum of two trials were carried out for al1 experiments. Where numerid 

values are obtained, the average was reported and the standard error of the mean calculated. 



3. RESULTS 

3.1. A comparative analysis of Freon substitutes in the purification of reovînis virions. 

3.1.1. Coinparison of organic solvents. Properties of an crganic solvent are 

characterized by Hansen's three solubility panuneters @ -dispersion energy, P - polarenergy, 

and H - hydrogen bonding energy (Hansen & Beerbower 1971; Goldschrnidt 1993)). The 

solubility parameters of Freon are shown in Table 1. In finding a replacement, wlvents or 

solvent mixtures were selected that had solubility properties sirnilar to those of Freon 

Solvent mixtures were created by mixing two different solvents in various ratios. The 

resultant solubility parameters of the mixtures are theoretical values that were calculateci 

rnanually and not empericaily because of differential evaporation rates. Vertrel XF 

(171,1,2,~,~,~,~,~,~-decafluoropentane) is a Freon substitute developed by DuPont (Vertrel 

XF technical bulletin, 1999)- 

3J.2. Purification of virions with Freon substitutes. Initially, hexadl -  

chlorobutane (a 7:3 volume/volume mixture), isopentane/l-chlorobutane (7:3), toluene, and 

Vertrelm W (Vertrel) were tested as suitable organic solvents. Other sets of solvents were 

also examined, either alone or in other mixture ratios, in case the proportion of the solvent 

in the mixture afTected the results- 

3.1.2.1. Purification of virions. To test the proposed solvents, basic viral 

purification procedures were performed with reovirus type 3 Dearing (T3D), as previously 

described for Freon extraction (Smith et al., 1969). Briefly, T3D-infected L929 cells were 

harvested, lysed with desoxycholate, and divided into equivalent aliquots. The samples then 



Table 1. Solubility parameters of chosen solvents- 

Solubility Parameters 

Solvent 

Freon 1 13 (1, 1,Z-trichloro- 1,2,2-tritluoroethane) 

Carbon tetrachloride 

1,2-dichloro-1,1,2,2-tetrafluoroethane 

Hexane 

Isopentane 
1 -chtorobutane 

Toluene 

Chlorofonn 

Isobutanol 

vertrela XF 

(l,l,l,2,3,4,4,5,5, 5-decafluoro pentane) 

Hansen's solubility parameters where D = dispersion energy, P = polar energy, and H = 

hydrogen bonding energy (Barton, 1983). 

MP, melting point; BP, boiling point (The ~Merck Index, 1983). 

Density values o f  the liquid form at 24OC unless otherwise ïndicated by "d" (CRC Handbook, 
1977). 

Density of the gaseous fom at room temperature- 
Unknown. 
Calculated and not emperically detennined because of dinerential evaporation rates. 



were emulsified with equal volumes of various solvents and centfigecl es prevïously 

descnbed in Materials and Methods section 2.3.2. The location of the aqueous phase, which 

contains the virus, was dependent on the density of the organic solvents. Since Freon, 

Vertrel, chloroform, and chloroform/isobutanol(1: 1) are denser than water, they produced 

a thick solid phase at the bottom of the tube which allowed for easy removai of the upper 

aqueous phase by pipetting. The other tested solvents and solvent mixtures fomed a semi- 

solid phase above the aqueous phase whereas treatment with toluene resulted in a sluny 

consisting of a separation that yielded an extremely weak semi-soüd phase on top. In such 

instances, extraction ofthe bottom aqueous phase required puncturing the solvent phase with 

a glas pipette, as plastic pipettes dissolved. 

Gradient purification of Freon-extracted reovirus-infected cells resulted in two bands 

(idicated as V and T in Figure 8), which correspond to virus and top conrponent respectively 

(Smith et ai., 1969). Top component, or "empty virions", contain reduced to ni1 amounts of 

genornic material and may account for a large proportion of particles purined from inf'écted 

cells (Smith et al., 1969). With less genomic material, their densities wiil be less than fiill 

genorne bearing vinons and thus will not migrate as far as the denser vinons. The denvation 

ofthese empty particles remains unknown. Most tested altemate solvents generated the sarne 

two bands (Figure 8). However, toluene-extracted samples consistently produced Iarger 

proportions of top component than of virus and treatment with chloroform/isobutano1(1: 1) 

resulted in only a visible top component band. The resultant virus bands from each treatment 

appeared to be in the same regions of each gradient, and density measurements of each band, 

determined by refiactive index measurements ofappropriate gradient fractions, confirmeci that 

al1 virus bands differed in density from each other by no more than 0.003g/ml. Similarly, d l  
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Figure 7. Buoyant density cesium chloride gradients of rcovirus-infuted ceU iysatcs 

that had been extracted with the indicated solvents. Twice-extractecl aqueous phases 

were layered onto 1.2-1.4ghni cesium chloride gradients, centrihged in a Beckman SW28 

rotor at 25,000 rpm for 18 hours, and photographed. V = vinons; T = top component. 

Three trials were carxied out and the results shown are representative o f d  three. 



top component bands dWered fiom each other by no more than 0.002glml. 

3.1 -2.2. Confirmation of viral morphology. 

3.1.2.2.1. Electron rnicroscopic analysis of purified virions. To 

determine whether the method of extraction affiected viral rnorphology, diaiysed gradient- 

purified V and T band materiai were examined by negative stain transmission electron 

microscopy after drop method preparation as previously descnbed in Materiais and Methods 

section 2-9 (Hammond et aï-, 198 1; Hazelton & Coombs 1995). No difEerence was obse~ed 

in the morphology of complete virions obtained by each of the puritication methods (Figure 

9)- With the exception of chloroform/isobutanol(1: 1) which did not yield a visible virus band 

f?om the T3D sample, complete virions compnsed 95% of the particles in the virus fiactions 

with al1 treatments. In each test, Freon and Vertrel treatments yielded equivdent apparent 

concentrations of virus, and much higher concentrations than hexandl-chlorobutane (7:3), 

isopentandl-chlorobutane (7:3), or toluene. Furthennore, the Freon and Vertrel treated 

purifications consistently contained little non-virion debris, while the rernainder of the 

treatments contained comparatively large amounts (data not shown). Top cornponent 

fiactions were comprised primarily ofgenorne deficient virions and outer shell structures, and 

cornplete virions consisted of only 10% or fewer of the particles observeci for aii treatments 

(Figure 9). As with the virus fractions, Freon and Vertrel treatments yielded equivalent 

amounts of particles with little cellular or viral debns, while hexane/chlorobutane (7:3), 

isopentane/chlorobutane (7:3), and toluene treatments yielded reduced quantities of top 

component and contained relatively larger levels of nonparticulate structures. Samples from 

other bands occasionally seen higher in some gradients were comprised primarily of debris, 
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Figure 8. MorphoIogr of gradient purified virion particlu. bands fiom gradients 

such as those depicted in Figure 8 were harvested, dialysed against dialysis buffer (150 m M  

NaCI, 15 m .  MgCl= 10 mM Tris, pH 7.4) and aliquots diluted 100 fold with 0.1% 

glutaraldehyde in dialysis buf5er to stabilize viral structures. Samples were mounted on 400- 

mesh formvar-coated copper grids by drop method, negatively stained with 1.2mM 

phosphotungstic acid, pH 7.0, and examinecf in a Philips mode1 201 transmission electron 

microscope as described (Hazelton & Coombs, 1995). A, Freon 113; B, Hexandl- 

chlorobutane (7:3); C, Isopentane/l-chlorobutane (7:3); D, Toluene; E, Vertrel Xi?; F, 

Chloroform/Isobutano1(I : 1). Bar represents O. 1 pm. 





Figure 9. Morphology of gradient pufilied top component particies. T bands fiom 

gradients such as those depicted in Figure 8 were harvested, dialysed against diaiysis buffer 

(1 50 mMNaC1,lS mM MgCl% 10 mM Tns, pH 7-4) and aliquots diiuted 100 fold with 0.1% 

glutaraidehyde in dialysis b a e r  to stabilize virai structures. Sarnples were mounted on 400- 

mesh formvar-coated copper gnds by drop method, negatively stained with 1.2mM 

phosphotungstic acid, pH 7.0, and examined in a Philips mode1 201 transmission electron 

microscope as described (Hazelton & Coombs, 1995)- A, Freon 113; B, Hexandl- 

chlorobutane (7:3); C, Isopentane/l-chlorobutane (7:3); D, Toluene; E, Vertrel XF. Bar 

represents O, 1 Pm, 



with rare viral structures identified (data not shown). Similar expenments to those described 

above were also performed with type 1 Lang (TlL), another strain of reovirus. Results were 

sirnilar to those descnbed for T3D; however, chlorofonn/isobutanol (1:l) extraction and 

gradient purification revealed a faint virus band. Morphological examination showed few 

virus particles, and those observed appeared to have disrupted outer capsids (Figure 8F). 

3.1.2.2.2. SDS-PAGE analysis of purified virions. To confirm the 

intactness of virus samples afler various treatments, equivalent nurnbers of purified Wions 

were dissolved in electrophoresis sample buffer and exarnined by SDS-PAGE as described 

in Matenals and Methods section 2.6. With the exception of 1 : 1 chloroform:isobutanoI 

treatment, resolution of genomic material in 10% SDS-PAGE f?om each of the treated 

samples reveaIed an equivalent amount of each of the 10 gene segments which indicates that 

none of the solvents had differential effects on the presence of genome p i g n e  10). Even 

though equivalent amounts of virions as determined by UV spectroscopy were loaded, 1: 1 

chloroform:isobutanol treatment yielded very faint genomic bands (data not shown). 

Viral proteins were resolved in 5 4 5 %  gradient SDS-PAGE and stained (Figure 11). 

The migration of the protein bands were not altered in any of the samples and there was no 

apparent dzerence in quantities of various proteins, supporting the morphologie evidence 

that the virions that were purified were unaffected structurally when compared to Freon 

treated samples. The hexane/l-chlorobutane (7:3) treated sarnple contained some 

contarninants near the bottom of the gel indicating that the purification was not as complete 

when compared to the other treatments. 

3.1.2.3. Analysis o f  virions purified with Freon substitutes. As a more 

sensitive assay of the structural and ttnctional integnty of each sample, virion specinc 
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Figure 10. Electropherotype of virions punfied with various solvtnts. Equai arnounts 

of virus (harvested fiom gradients s idar  to those shown in Figure 8) were heated to 6S°C 

for 5 minutes in electrophoresis sample buffer (0.24M Tris, pH6.8, 1 -5% dithiothreitol, 1% 

SDS) and resolved in a 10% SDS-PAGE (16 x 16 x 0- 1 cm) at 18 mA for 40 hours. The gel 

was then treated with O. 1% ethidium bromide, visudued under W iight ushg a Gel Doc 

2000 (BioRad) apparatus. Solvent treatments are indicated above the lanes (with the 

exception of T3D marker; T3D vinons previously pudied with Freon). Locations of specific 

classes of reovims genes are indicated on the le& 





Figure 11. Protein p r o l e  of virions purified witb various solvents. Equal amounts of 

virus (harvested fiom gradients similar to those shown in Figure 8) were heated to 9S°C for 

5 minutes in electrophoresis sarnple buffer (0.24MTris. pH6.8,1.5% dithiothreitol, 1% SDS) 

and resolved on a 5- 15% gradient SDS-PAGE (12 x 16 x O. 1 cm) at S W  for 4.2 hours. The 

gel was then fixed and stained with Coomassie Brilliant Blue R250. Solvent treatment are 

indicated above the lanes. Locations of  specific classes of reovims proteins are indicated on 

the lefi. 



infiectivitiies were aiso determhed. Viai particle concentrations were detennined by 

spectrophotometric analysis and virus titres were determined by plaque assay as deSCTibed 

in Materials and Methods section 2.2.2 (Smith et al.. 1969; Coombs et al.. 1994). The total 

number ofvirus particles purified with each solvent was detennined and compared to Freon 

(Table 2). Most extraction treatments resulted in recovery of fewer virus particles. Only 

extraction with Vertrel produced as much or more virus than extraction with Freon- ReIative 

infectivity ratios were also detennined by taking the ratio of particles/ml to PFUiml (Table 

2). Only Vertrel and the isopentandl-chlorobutane (7:3) solvent mixture had comparabk 

ratios to that of Freon- Thus, treatment with other solvents led to both lesser amounts of 

virus and less infectious vims preparations. Similarresults to those described above were also 

obtained when TlL was tested (data not shown). The above results have been published 

(Mendez et al.. 2000). 

3.2. Use of temperature sensitive (ts) mutants to characterize capsid proteins. 

tsD3 57 contains its ts mutation(s) in the L 1 gene which encodes the 142-kDa rninor 

core protein A3, the RNA-dependent RNA polyrnerase (McCrae & Joklik, 1 978; Ramig et al., 

1978). At non-permissive temperatures, tsD357-infected cells have been shown to produce 

viral particles devoid of any genomic material Pields et al.. 1971). Furthemore, decreased 

arnounts of ssRNAand protein (Cross & Fields 1972; Fields et al., 1972) and less than 0.1% 

dsRNA (Cross & Fields 1972; Ito & Joklik 1972b) were found, a11 of which are suggestive 

of a defective polymerase. EOP profiles revealed that rîD357 virions appeared to be more 

stable than their wild-type parent T3D, as the rate of T3D viral titres dropped off sooner than 

tsD357 viral titres in response to increasing temperatures which suggests that tsD357 virions 
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Table 2. Summary of reovinis yield and specific infectivity for various solvent treatments. 

Relative total virus particles Specific infectivity Relative infect ivit yd 

Solvent recovered' * SEMb (%) (ParticleiPFUc) * SEM A SEM 

Freon 1 13 1 O0 

Hexand 1 -chlorobut ane (7: 3) 56* 13 

Isopentsnd l -chlorobut ane (7 : 3) 77 * 20 

Toluene 58 * 29 

Vertrel XF 163 * 58 

a: Detennined by dividing the total number of virus particles recovered for each solvent in each repiicate trial by the total amount 

of virus recovered afier Freon extraction in the same trial. Values represent the averages of at least 3 experiments. 

b: Standard error of the mean was calculated with a pooled estimate of error variance. 

c: Plaque forming units determined Rom infectious titre. 

d: Detennined by dividing the specific infectivity of virus particles recovered for each solvent in each replicate triai by the specific 

infectivity of virus recovered after Freon extraction in the same trial. Values represent the averages of at least 3 experiments. 



may have a certain level of thermal stability, despite having a ts characteristic. It is important 

to note that the rate of viral titre drop is not equai to the actual viral titres. Mutant tsD35f s 

viral titres were still signiticantly lower than its wild-type parent T3D at non-permissive 

temperatures. 

tsG453 contains three already identified point mutations in its S4 gene, one or PU of 

which coder temperature sensitivity @anis et aL. 1992; Shing & Coombs 1996). At the non- 

permissive temperature, t S 4 5 3  produces reduced amounts of protein and RNA (Cross & 

Fields 1972; Fields et al., 1972; Dank et aL. 1992; Shing & Coombs 1996). Past experiments 

have also shown that at non-permissive temperatures, tsG453 infected cells fd to yield 

complete virions but instead produce large amounts of core-like particles (Morgan & 

Zweerink 1974; Danis et al.. 1992). It was concluded that outer capsid asembly required 

p 1/03 interactions which were prevented by a misfolded a3 protein (S hing & Coombs 1996). 

To be able to characterize these 1s mutants first requires confirmation that a 

conditionally-lethal ts lesion exists in that particular gene. In order to confimi a ts lesion in 

a gene first requires the generation and identification of ts reassortants. 

3.2.1. Identification of mammalian reovirus ts reassortants. Mixed infections 

between T 1L and tsD3 57 and between T 1L and tsG453 were carried out previously in the 

lab. T1L x tsD357 and TIL x t.sG453 reassortants were identified by observing their 

electropherotype profiles in 10% SDS-PAGE as described in Materials and Methods section 

2.6. Those clones that displayed genes from both parents were selected and amplifiecl as 

described inMaterials and Methods section 2.2.1. To test for temperature sensitivity, MEOP 

assay was carried out for each reassortant as descnbed in Materials and Methods section 2.4. 

A ts mutant is defined as having an EOP value a minimum of one order of magnitude lower 
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than the wild-type virus EOP value. A non-ts mutant will typically have an EOP within one 

order of magnitude of the EOP value of wild-type. Due to random fluctuations, the EOP 

value of wild-type virus is usually 1 * 10. EOP values of non-ts progeny Wions can also 

fluctuate within an order of magnitude from their wild-type parent. 

3.2.2. Reassortant mapping of tsD357 and tsG453. To confinn the gene segment 

that harbored the rs lesion in tsD3 57, reassortant mapping of tsD357 was perfonned. EOP 

assays were run in triplicate on different days (each initiated on a separate day) on al1 

identified P, stocks of t a 3 5 7  x T1L reassortants. Progeny reassortants were divided into 

two separate panels: those that have the ts phenotype similar to mutant parent tsMS7 and 

those that have the non-ts phenotype sirnilar to wild-type parent T lL  (Table 3). AU progeny 

within their respective panel had an EOP value within one order of magnitude of the parent 

that falls within the range of that reassortant panel. The panel of reassortants that behaved 

Lice tsD357 all had their L1 gene come from tsD357, whereas the panel of reassortants that 

behaved like T1L al1 had their L1 gene come fkom TIL. There were no exceptions and al1 

other genes were randomly distributed. This indicates that the t a 3 5 7  fs mutation or 

mutations resides in the L1 gene, with a probability of0.05 (using the Wilcoxin ranksum test, 

(Hassard 1991)) which confirms previous mapping (Rarnig et al., 1978). The Wdcoxïn 

prediction also indicate that the M2 gene may contain a lesion, with a probabiiity of 0.05; 

however, the EOP value of the one exception, D21, is closer to wild-type parent TlL. 

Repeated attempts by SDS-PAGE failed to resolve the S3 and S4 gene segments 

clearly in clone D36. It would have been helptul to know which parent these genes came 

from only if these genes were not already randomly distnbuted. However, as the genes are 



randornly distributed, whichever parental S3 and 54 genes clone D36 contains has no bearing 

on the reassortant mapping results. 

To codirm the gene segment that harbored the ts lesion in tsG453, reassortant 

mapping of  t.sG453 was performed. EOP assays were run in triplicate on difEerent days (each 

Uiitiated on a separate day) on all identified P, stocks oftsG453 x T1L reassortants. Progeny 

reassortants were divided into two clearly distinguishable panels: those that have the fs 

phenotype sirnilar to  mutant parent rsG453 and those that have the non-ts phenotype similar 

to wild-type parent TlL (Table 4). Al1 progeny within their respective panel had an EOP 

value within 1.5 orders of magnitude ofthe wild-type parent whose EOP fell within the range 

of that reassortant panel. With the exception of clone LG113, the panel of reassortants that 

behaved like t.sG453 ail had their S4 gene come fiom tsG453. The panel of reassortants that 

behaved like TIL al1 had theu S4 gene come frorn T1L. Al1 other genes were randornly 

distributed which therefore indicates that the tsG453 ts  mutation or  mutations resides in the 

S4 gene, with a probability of 0.002, in agreement with past studies (Qmig et al., 1978; 

Shing & Coombs 1996). 

Occasionally, ts reassortants exhibit one o r  more anomalous gene segment migration 

patterns by SDS-PAGE. Vimses, especially RNA vimses, characteristically have an 

abnormaily high mutation rate. Typical of al1 RNA vimses, including reovirus, spontaneous 

mutations may occur at a fiequency of 1 in every 1000 bases during genornic replication and 

transcription. This is due to the fact that the viral polymerase, RNA-dependent RNA 

polymerase, lacks editing and proof-reading capabilities that prokaryotic and eukaryotic 

polymerases possess. There is no differentiation to  whether mutations occur B wnserved or 

non-conserved regions. However, mutations in non-conserved regions are more evident as 
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Table 3. Electropherotypes and EOPs of wild-type 1 Lang (TlL), tsD357, 

and TlL x tsD357 reassortants 

Clone Electropherotypea 
L1 L2 L3 M l  M2 M3 S1 S2 S3 S4 

€OP * SEMb 

Total exceptions O 5 3 2 1 5 3 4 4 3 

a Parental source for each gene: T l  L = 1, tsD357 = 3 
Efficiency of plating detennined by dividing viral titre at 3g°C by viral titre at 

33S°C. Values represent the averages of at least two experïments I standard error of the 
mean. 

The nonparametric Wilcoxon rank sum test was used to determine the relative 
contribution of any single gene in the ceassortant map (Hassard 199 1). 



Table 4. Electropherotypes and EOPs of wild-type 1 Lang (TlL), tsG453, 

and T1L x tsG453 ceassortants 

Elec tropherotypea 
Clone €OP * SEMb 

L1 L2 L3 Ml  M2 M3 Sl S2 S3 S4 

TZL 1 1 1 1 1 1 1 1 1 1  0.5 14 I O. 104 
tsG453 3 3 3 3 3 3 3 3 3 3 0.00010210.00002L6 

LG 122 
LG 121 
LG 73 
LG 132 
LG 91 
LG 116 

LG 126 
LG 74 
LG 112 
LG 96 

Total 
exceptions 

a Parental source for each gene: T1L = 1, tsG453 = 3 
Efficiency of plating detemllned by dividing viral titre at 39'C by Wal titre at 33.S°C. 

Values represent the averages of at least two experhents f standard error of the mem. 
'The nonparametric Wilcoxon rank sum test was used to determine the relative 
contribution of any single gene in the reassortant map (Hassard 1991). 



mutations in conserved regions will usually have an adverse effect on the virus in which the 

mutation/Vinons would undergo negative selection Mutations in non-conservecl regions will 

usually have less of a detrimental effect. Furthemore, base changes within a gene have ban 

shown to alter its rnolecular weight (Sharpe et al., 1978). This may be the case for the 

observed S4 gene migration in LG113. Further tests with restriction endonucleaseo would 

c o & m  the parental origin of the gene. Regardless of the outcorne, the reassortant map 

would not be aEected- 

3.2.3. Characterization of tsD357 and tsG453 virions and cores. To supplement 

what is currently known about fsD357 and tsG453, and to gain additionai insight into how 

the protein affects fûnction, tsD3 57 and tsG453 virions and cores were firther characterized, 

3.2.3.1. Heat-induced loss of infectivity of tsD357 and &Gd53 virions. To 

measure the effect of heat on infectivity, punfied TlL, T3D, tsD357 and fsG453 virions (ail 

grown at permissive temperatures), generated as described in Matenals and Methods section 

2.3, were pre-heated at 50°C and 55°C for various periods of time and then immediately 

cooled on ice. L929 ce11 monolayers were infected with senal 1: 10 dilutions of pre-heated 

virions and incubated at permissive temperatures as described in Matenals and Methods 

section 2.2.2. Viral titres were determined and plotted against incubation times of pre- 

heating- Little dEerence in viral titres were observed in vinons pre-heated at 50°C for up to 

30 minutes (Figure 12A); however7 a large difference was observed in virions pre-heated at 

55°C (Figure 12B). Mutant tsD3 57 and T3D vinons pre-heated for up to 30 minutes showed 

a negligible decrease in viral titres. On the other hand, 2.~6453 showed a drarnatic drop of 

over 5 orden of magnitude when pre-heated at 55°C for 5 minutes. TIL wal titres 

decreased by one order of magnitude afler 15 minutes of pre-heating, and by a fùrther three 
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orders of magnitude d e r  30 minutes of pre-heating. These results suggest that tsG453 

virions are sensitive to heat-induced loss of idiectivity whereas t a 3 5 7  virions are not. 

3.2.3.2. Heat-induced loss of transcriptase activity of tsD357 and fsG453 

cores. To measure the efEect of heat on transcriptase activity, punfied TIL, T3D, fsD357 and 

tsG453 cores, generated as described in Materials and Methods section 2.7, were preheated 

at temperatures ranging ftom 50°C to 70°C for IS minutes and then immediately cooled on 

ice. Pre-heated cores were then allowed to transcribe for one hour at 50°C as descnlibed in 

Materials and Methods section 2.8. The transcriptase activity of pre-heated cores was 

calculated as a percentage ofthe transcriptase activity of non-heated cores and plotteci against 

diEerent incubation temperatures (Figure 13). tsD357 pre-heated cores are more resistant 

to heat-induced loss of transcriptase activity than wild type parent T3D. This is largely 

noticeable at an incubation temperature of 60°C where tsD357 cores retained over 70% of 

its transcriptase activity whereas T3D retained less than 40% of its transcriptase activity. On 

the other hand, tsG453 lost 75% ofits transcriptase capabilities after being pre-heated at SS°C 

whereas ts.357 and T3D lost less than 30% of their transcriptase activity. This indicates that 

tsG453 cores are more sensitive to heat-induced loss of transcriptase ability than T3D 

whereas tsD357 is more resistant- 

3.2.3.3. Virion and coreelectron rnicroscopic analyses of  T3D, 1sD357 and 

tsG453. To determine whether loss of infectivity or transcriptase activity is a fbnction of 

structural darnage to the capsid, equivalent numbers of pre-heated virions and cores, treated 

as described above, were visualized by negative stain transmission electron microscopy as 

described in Materials and Methods section 2.9. 
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Figure 12. Effecb of preheating virions on their infectivity. Purifïed vinons fiom 

TIL, T3D, t a 3 5 7  and tsG453 were preheated at 50°C (A) and at 55°C (B) for the various 

times indicated followed by immediate cooling on ice. Serial dilutions of preheated and non- 

preheated virions were used to infect L929 ceIl monolayers and Uicubated at permissive 

temperature. The percent sunival was determineci by dividing the titre of preheated virions 

by the titre of non-preheated vinons multiplied by 100. Error bars shown represent the 

standard error of the mean from three separate trials done on different days. 
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Figure 13. Effects of preheating cores on their transcriptase activity. P u a  

cores fiom T3D, tsD357 and tsG453 were preheated at various indicated temperatures for 

15 minutes followed by irnmediate cooling on ice. Preheated and non-preheated cores were 

then aliowed to transcribe for one hour at SOT. The amount o f  acid precipitated radio- 

labelled transcripts were used as a measure o f  transcriptase activity. The percent transcriptase 

activity was determined by dividing transcriptase activity of preheated cores by the 

transcriptase activity of non-preheated cores rnultiplied by 100. Error bars shown represent 

the standard error of the mean fiom five separate tnaIs done on different days. 



Examination of T3D and t s . 3  57 virion samples pre-heated at 55°C for 15 minutes reveaied 

>95% intact virions (Figure 14). Examination of tsG453 virions pre-heated at SS°C for 15 

minutes did not yield the same results. Instead, 75% of the particles obsenred appeared to 

be Wions with an outer capsid loosely comected but not completely disassociated. The other 

25% of particles consisted of cores. This suggests that the loss of infiectivity observe- in 

fsG453 when pre-heated is a result of structural damage to the outer capsid. 

Examination of tsD357 and tsC453 core samples pre-heated at 60°C for 15 minutes 

reveaied >90% intact cores with spikes (Figure 14). Examination of T3D cores revealed 

intact cores as well, however about 75% of them fomed aggregates and may have lost some 

genomic materiai. These aggregates were not observed in tsD3 57 and tsG453 core samples. 

A decrease in T3D transcriptase ability may be the result of interference fiom clumping, as 

the percentage of clumping is roughly similar to the percentage of loss of transcriptase 

activity. No structural changes appear evident in cores which suggests that the phenotypic 

differences observed are not a finction of core structural disruption, but instead are a finction 

of something less dramatic and perhaps intemal in the core. 

3.2.4. Reassortant mapping of phenotypic differences from a 3 5 7  and aG453. 

Reassortants were expIoited to determine which gene or genes were responsible for the 

detected phenotypic differences. 

Mutant rsG453 virions are more sensitive to heat-induced loss of infectivity than wild- 

type parent T3D. To map this phenotypic difference, selected representative T1L x tsG453 

reassortants were amplified and purified as discussed in Matenals and Methods section 2.3. 

Purified reassortant virions were then pre-heated at SS°C or left untreated, serial diluted 1 : 1% 

and used to infect L929 ce11 culture to determine viral titres as described in Materials and 
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Figure 14. Electron micrographs of prehuted virions and cores. Saanples of 

purified vinons (grown at the permissive temperature) or cores 6rom T3D, t a357  a d  

tsC453 were preheated at 55°C (virions) or 60°C (cores) for 15 minutes foiîowed by 

immediate coolhg on ice. Samples were then mounted on 400-mesh formvar-coated copper 

grids by drop method, negatively stained with 1.2mM phosphotungstic acid, pH 7.0, and 

examined in a Philips mode1 20 1 transmission electron microscope as described @adton & 

Coombs, 1995). Non-preheated samples serveci as control (not shown: virions ap~eared as 

in (A) and cores appeared as in (B) in morphology). A T3D virions; B. T3D cores; C. 

tsD3 57 vinons; D. tsD3 57 cores; E. tsG453 virions; F, tsG453 cores. Bar represents 

O. lpm. Arrows indicate loosely essociated outer capsid. 



Methods section 2.2.2. Each reassortant's percent survival was calculated by dividing the 

titres from pre-heated samples by the titres of untreated samples. A minimum of two trials 

were carried out for each clone. Clones, including parent TlL, that exhibiteci a percent 

survival above 0.0 1 were placed into one panel, while those, including parent tsG453, that had 

a much lower percent s u ~ v a l  were organized in a separate panel (Table 5). AU ofthe genes 

are randomly distxibuted w*th the exception of the S4 gene. Without exception, the group 

with a percent sumival above 0.0 1 had its S4 gene come nom parent TlL, whereas the group 

with the lower percent survivai had its S4 gene come fiom parent rsG453. These results 

suggest that the S4 gene is responsible for the phenotypic difference observed in rsG453, with 

a probability of 0.002. 

Mutant tsD3 57 displayed higher tolerance to heat-induced loss oftranscriptase activity 

than its wild type parent T3D, as discussed above. T IL x tsD3 57 reassortants were amplified 

and purified as discussed in Materials and Methods section 2.3. Sometimes, reassortants had 

to be passaged an extra time to achieve sufficiently high titres. Once a high concentration of 

punfied virions was attained, they were converted to cores as described in Materials and 

Methods section 2.7. Purified reassortant core particles were then pre-heated at 60°C for 15 

minutes and allowed to transcribe under identical conditions descnbed in section 3-2.3.2- 

Non-preheated reassortant cores served as a control. An incubation temperature of 60°C was 

chosen as the phenotypic difference observed between tsD357 and T3D cores was highest at 

this temperature (see Figure 13). Trials were done at least three times and on difEerent days 

to ensure statistical significance. 

The percent of transcriptase activity reduction after heating when compareci to non- 

heated samples was calculated (Figure 15). Reassortants can be divided into hvo 
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Table 5. Electropherotypes and percent sunival of wild-type 1 Lang (T IL), 

tsG453, and T1L x tsG453 reassortants when pre-heated at 55°C 

Clone Elec tropherotypea Percent Survivai 
L1 L2 L3 Ml M2 M3 SI  S2 S3 S4  SEM^ 

T1L 1 1 1 1  1 1 1 1 1 1  19.4 I 19-3 

Total a-ceptions 4 5 5 6 5 S 4 5 3 O 

Wilcoxin @ value)' 
0.002 - - - - - - + 

a Parental source for each gene: TlL = 1, tsG453 = 3 
Percent survial detennined by dividing titre of unheated virus by titre of virus pre-heated 

at 55°C x 100%. Values represent the averages of at least two experiments I standard 
error of the mean. 
The nonparametric Wilcoxon rank sum test was used to determine the relative 

contribution of any single gene in the reassortant map (Hassard 1991). 



non-overlapping groups: one group, which Uicludes the parent tsD3 57, shows less than 40% 

transcriptase reduction whereas the other group, which contains the parent TlL, shows a 

greater than 55% reduction. Al1 of the genes are randornly distnbuted with the excpption of 

the L1 gene. The themai-stable group al1 obtained their LI gene nom the t a 3 5 7  parent 

whereas the thermal-sensitive group denved their L1 gene fiom T1L. These results wggest 

that the LI gene, with a probability of 0.02. is responsible for the phenotypic ditrence 

observed in tsD357. A probability of 0.05 was calculated for the S4 gene but it is uniikely to 

be the gene phenotypically responsible as it encodes a protein not present in the cores. 

However, as will be discussed below, the possibility that the 54 gene may play a secondary 

role can not be ignored. 

Puritied tsC453 cores, which lack a3, transcribe less efficiently than their T3D parent. 

This observation suggests a previously unknown finction of the S4 gene in transcription, or 

previously undetected lesions in another gene in this mutant- To map this paradoxical 

phenornenon, purified TIL x tsG453 reassortants were exarnined. 

Representative T1L x tsG453 purified virions were converted to cores as described 

in Materials and Methods section 2.7. Punfied reassortant core particles were then pre- 

heated at 55°C for 15 minutes and allowed to transcribe under identical conditions as 

described in section 3.2.3.2. Non-preheated reassortant cores served as a control. The 

transcriptase activity of pre-heated cores was calculated as a percentage of the transcriptase 

activity of non-heated cores. Reassortants were grouped into two panels: those that retained 

over 80% of their transcriptase activity (Figure 16: shaded in red and green) and those that 

retained less than 80% of their transcriptase activity (Figure 16: shaded in grey). This 

phenotypic dEerence mapped to three genes, S3 and S4 which encode non-core proteins and 
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- - - - -  

Clone LI L2 L3 Ml M2 M3 SI S2 S3 S4 

Dl7 3 
DSO 3 
t a 3 5 7  3 
D38 3 
D52 1 
D46 1 
D8 1 
TlL 1 
D21 1 
T3D 3 

0 4 4 3 1 5 3 4 4 2  20 40 60 80 100 

Total Exceptions Percent Transcriptase Redkction 

Wilcoxin 



Figure 15. Electropherotypes and percent transcriptase reduction of TlL, rrM57 and 

TlL x trD357 reassortants. Purified T1L x 1sD357 reassortant core particles were pre- 

heated at  60°C for 15 minutes and allowed to transcribe for one hour at 50°C, Non- 

preheated samples were used as control A. The percent transcriptase reduction was 

calculated by dividing the transcriptase activity of preheated samples by the the transcriptase 

activity of non-preheated samples, then taking this value and subtracting it fiom 100. Error 

bars represent the standard error of the mean from a minimum of three trials executed on 

dserent  days. The reassortants, and their corresponding electropherotypes, were then sorteci 

by increasing percent transcriptase reduction. T3D was included for sake of cornparison and 

was not involved in the sorting of the reassortants. B. The nonparametric Wdcoxon rank 

sum test was used to determine the relative contribution of any single gene in the reassortant 

map (Hasard 1991)- T3D was omitted fkom these calculations. 
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Figure 16. Electropherotypes and percent transcriptase reduction of TlL, tsG453 and 

T1L x tsG453 reassortants. Punfied T IL x tsG453 reassortant core particles were pre- 

heated at 55°C for 15 minutes and allowed to transcribe for one hour at 50°C- Non- 

preheated sarnples were used as control- The percent transcriptase activity wu caicuIated 

by dividing the transcriptase activity of preheated sarnples by the the transcriptase activity of 

non-preheated samples. Error bars represent the standard error of the mean fkom a minimum 

of three trials performed on  different days. The reassortants, and their correspondimg 

electropherotypes, were then sorted by increasing percent transcriptase activity. 



L1 which, as stated earlier, encodes the minor core protein U. These results suggest that 

either one or more of these genes is responsible for the phenotypic dioerence observeci in 

tsC453. It is important to note t hat of the reassortants that were in the same group as parent 

fsC453, their percent transcriptase activity was significantly higher than that of tsG453 (see 

Figure 16; reassortants shaded in green). This may suggest interference fiom secondary 

genes, possibly one or more of the L1, S3 and S4 genes there display no exceptions in the 

reassortant map. Whether these genes act alone or in concert can be determined ifthe panel 

ofreassortants is expanded. Probabilities were not calculated due to the small size of the data 

set. 

3.2.5. Analysis o f  the L1 gene sequence o f  tsD357. 

3.2.5.1. Identification o f  tsD357 mutations. Results indicate that the Cl 

gene is phenotypically responsible for the thermal stability displayed by -357. To add 

supportive evidence to whether the temperature lesion affected the morphologïcal nature of 

the protein requires the genornic sequence be known. The L1 gene segments fkom tsD357 

and T3D were sequenced twice in either direction with regions of mutation sequenced at least 

three times as described in Materials and Methods section 2.10, and the resulting protein 

primary structures determined. 

The T3D laboratory strain had few L1 gene sequence changes compared to the T3D 

strain L 1 sequence reported in GenBank (accession number # M3 1058; Wiener & Ioklik 

1989). tsD357 was found to have three nucleotide base changes fiom laboratory sequenced 

T3D: a transversion at base number 1214 where thymine was replaced with guanine, a 

transition at base number 2967 where an adenine was replaced with a guanine, and a 

transition at base number 3 16 1 where an adenine was replaced with a guanine (Table 6). The 
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second nucleotide base change is a silent mutation and no change in amho acid occurs- 

However, The first and the third nucleotide base changes result in the following T3D to 

rsD357 amino acid changes respectively: isoleucinq, to serine,,, and asparagine,, to 

serine,,,. 

Hydropathy is defined as a measure of attraction toward water, with positive being 

hydrophilic and negative being hydrophobic. AU arnino acids, based on their water-vapor 

transfer fiee energies and polanty, are assigned a relative hydropathy index value. Based on 

the hydropathy index of amino acids (Kyte & Doolittle 1982), the amho acid change at 

codon number 399 results in a decrease from 4.5 to -0.8 whereas the amho acid change at 

codon number 1048 results in an increase fiom -3 -5 to -0-8. 

Amino acids 399 and 983 are conserved among the three predominant reovims strains 

(T IL, T2J, and T3D) whiie arnino acid 1048 is not (Wiener & Joklik 1989)- This suggesis 

that amino acids 399 and 983 play important roles, more so than the non-conserved arnino 

acid 1048. Amino acid 399 changed in tsD357 and seems to be the more relevant ofthe three 

changes; therefore it may be the amino acid responsible for a morphological change in the 

protein that results in the phenotypic difference. 

3.2.5.2. Prediction of protein secondary structure. To assess any 

morphological change that may have occurred as a result of the amino acid changes in 

rsD357, the protein secondary structure was analysed. The predicted protein secondary 

structure was calculated using various cornputer prediction programs: PSIPRED (version 2.0; 

Uxbridge, UK), SSpro 2 Prediction (http://promoter.ics.uci.edu/BRNN-PREDO, 

PredictProtein (CoIumbia University, New York, NY), Protean (DNASTAR Inc., Madison 

WI)(Protean is a collection of several independent prediction algonthms), and DrawHCA 
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(http://www.lmcp.jussieu~fi/-soyer/www-hccafht) Only three of the seven 

programs predict a minor insignificant change at arnino acid 1048 whereas, the other four 

predicted no changes at dl. However, six of the seven programs did predict a major 

structural change at amino acid 399 (AA39 (Figure 17 and 18). 

PredictProtein is a program that relies more heavily on prediction through other 

related known secondary structure sequence comparisons. The prognm was unable to find 

other related sequences; hence, it predicted no structural change to occur at AA? Protean, 

based on the Garnier-Robson algorithm whose method relies on statistics (Garnier et al., 

1978), predicted a change from a strand-tum to a strand-coil-turn within the areairnmediately 

surrounding A A ~ ~  (Figure 17). SS Pro and PSIPRED both predicted a strand to a coi1 

morphological change as welf (Figure 17). SS Pro reports an accuracy output of 78% but 

does not report individual confidence levels per amino acid. PSIPRED reports an accuracy 

output of 68% based on a single sequence and reports confidence levels per arnino acid 

ranging from l=low to 9=high. PSIPRED predicts a confidence level at AA3- of seven in 

T3D and of eight in tsD3 57. 

The hydophilicity and hydrophobicity of the area surrounding AA3- was aiso 

rneasured. A hydophilicity plot was generated based on the Kyte-Doolittle system 

(Protean)(Kyte & Doolittle 1982). This method predicts regional hydropathy of proteins 

from their determined amino acid sequences. Known hydropathy values are assigneci for d 

amino acids in the sequence and are then averaged over a user defined window. A value of 

nine residues to average was selected, as anything less than seven will display too much noise 

and anything above 1 1 wiii generaily miss small hydropathic regions. The hydrophibity plot 

shows a substantiai increase in hydophilicity in the region surrounding AA3- (Figure 18). To 
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Table 6. Details of identified mutations in tsD3 57's L1 gene8. 

Base TYPe Codon AA Polarity 
number nurnber of mutation change change changec 

1214 399 transversion ATT to AGT Id to Sd -5-3 
(+4.5 to -0.8) 

2967 983 transition GAAtoGAG EdtoE O 

3 161 1048 transition AAC to AGC Nd to S +2,7 
(-3.5 to -0-8) 

a: The sequence was obtained from GenBank (Accession # M3 1058) and corrected 
(Wiener & Joklik 1989) 

b: AA = amino acid 

c: Based on the hydropathy index of arnino acids (Kyte & Doolittle 1982) 

d: I = isoleucine; S = serine; E = glutarnic acid; and N = asparagine 



validate the strength of the prediction, the residues to average was changed fiom a range 

between seven to eleven and in al1 cases, the end result did not change (data not shown). 

The hydrophobic nature of the region surrounding AA~* was measured through a 

hydrophobic cluster array @CA) using the program HCADraw. This program, based on the 

hydrophobic values of an amino acid, will constmct a 2-dimensional representation of the 

protein sequence, highiighting areas of  hydrophobic clusters (Gaboriaud et al., 1987). The 

HCA plot of T3D and tsD357 depicts a drop in hydrophobicity a t  AA.~ when isoleucine 

(T3D) is changed to senne (rsD3 57) (Figure 18). 

One fürther measure of the morphological change about A A ~ ~ ~  involved an algorithm 

that measures the antigenic index (a maximum value of  *1.7) for one or  more residues. The 

Jarneson-Wolf algorithm (Protean) predicts antigenic determi-nants fiom an amino acid 

sequence based on hydophilicity values, surface probabilities, backbone chah flexibility, 

secondary structure prediction, and solvent accessibility factors (Jameson & Wolfl988). This 

antigenic index increases substantially when isoleucine at AA3= in T3D is changed to a serine 

in tsD3 57 (Figure 18). 

With the exception of one, the seven different algorithms applied al1 predict a similar 

structural change at A A ~ ~  providing strong collective evidence that the protein does undergo 

a morphological shift which rnay be responsible for the phenotypic difference observed in 

tsD3 5 7. 

3.3. Stmctural orientation of viral capsid proteins. 

Recent developments in mass spectrometry have made it an invaluable tool to  

characterise proteins, in particular viral proteins (Cameiro et al., 2001; Loboda et ai., 22000; 
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PSIPRED + coi1 - strand - coi1 
confidence level (719) 

coil - coil - coil 
(819) 

SS PRO Prediction + cos - strand - coil 
confidence level not reported 

coil - coil - coil 

Protean + strand - turn strônd - coil - tum 

PredictProtein + no stmcturul change predicted 



Figure 17. Seconduy stroctare predictions of T3D and tsD357 A3 pmteins. The 

predicted protein secondary structure surmunding amino acid 399 fiom the A3 amino acid 

sequence was caiculated usmg various computer predictionprograms: PSIPRED (version 2.0; 

Uxbridge, UIQ, SSpro 2 Redict ion (http://promo ter.ics.uci.edu/BRNN-PIED/), 

PredictProtein (Columbia University, New York, NY), and Rotean (version 3.04b; 

DNASTAR Inc., Madison WT). Rotean predictions are based on the Garnier-Robson 

algorithm (Garnier et al., 1978). Only PSIPRED reports conficience levels of individual 

amino acids and the levels reported are of isoleucm~,, in T3D and of serin%, in tsD357. 

0 =  CO^, D =S~EUI~, , =tuni/loop. 





Figure 18. Polarity predictions of T3D and isD357 )3 proteins. A. Hydrophobie cluster 

analysis (HCA) plot of the region surrounding isoleucine, in T3D. Sets of adjacent 

hydrophobic residues are outlined and termed hydrophobic clusters. HCA plots were 

generated using the computational program DrawHCA via the Intemet 

(http ://www.lmcp.jussieuUfi/-so yer/www-hcca-form h )  (Gaboriaud et aL, 1987). 

Amino acids are labeled conventionally by theu designated one letter codes except where the 

foilowing symbols are used where t = proline, = glycine, U = threonine, and = serine. 

B. EICA plot of the region surrounding senne, in tsD357. C. Hydophilicity plots for T3D 

and tsD357 of the region surrounding amino acid 399. Plots were generated based on the 

Kyte-Doolittle system using a value of nine residues to average (Protean)(Kyte & Doolittle 

1982). D. The antigenic index (a maximum value of I l . 7 )  surrounding amino acid 399 in 

both T3D and tsD357 was measured based on the Jarneson-Wolf aigorithm 

(Protean)(Jameson & Wolf 1988). 



Phinney et al., 2000; Siuzdak 1998). MALDI QqTOF mass spectrometry was used to 

characterize the complexity and structural orientation of the proteins that make up the bi- 

layered capsid of reovirus- 

3.3.1. MALDI QqTOF analyses of virion outer capsid proteins, 

3.3.ï.1. Identification of virion proteins. Purified T ILwions were digested 

with typsin at pH 7.4 at 37OC for 24 hours at a protein to enzyme ratio of 1000:l (typicol 

ratio for trypsin digestions) as described in Materials and Methods section 2.12.2. Samples 

were then diluted with dH20 and prepared as described in Matenals and Methods section 

2.12.4.1, and were analysed by MALDI QqTOF mass spectrometry as described in Materials 

and Methods section 2.12.4.2. The overnight digestion in solution yielded enough peptides 

to ident@ several proteins of reovims (Figure 19) by using the user defined sequence search 

program ProMac (Sciex, Concord, ON) or via the Intemet using the prograrns MS-Fit and 

MS-Tag (http://prospector.ucsf.edu/). Individual peptide peak masses are checked against 

a database of proteins. Peptides from the protein database that have the sarne molecular m a s  

as the unknown peptide are Iisted. The proteins identified were the major capsid proteins 

present in large numbers; outer capsid proteins 03 and p l  and imer capsid proteins U, 12 

and 02. One major d z  peak, 25 1 1.2, was unidentified as no peptides of this mass existeci in 

the protein database. 

3.3.1.2.cr3 is post-translationally modified. Peak 25 1 1.2 was not detected 

in background controls that lack virions which suggests that the peak must correspond to a 

virion peptide. To identi@ this peak, MS/MS analysis was performed on this peak as 

described in Materials and Methods section2.12.4.2. The Eragrnented daughter peptide peaks 

were analysed by MS-Tag. Measurements revealed that the peak of mh 25 1 1.2 corresponds 

96 





Figure 19. MS spectrum of an overnight typsin TlL digestion. Purified T1L virions 

were digested with trypsin at 37OC for 24 hours at a viral protein to enzyme ration of 1000:l. 

An aliquot was prepared and then analysed by MALDI QqTOF mass spectrometry. The 

single MS (mass spectrometry) spectrum was acquired by inadiating the yunples with a 

nitrogen laser at a repetition rate of 7 Hz for time intervals around one minute unuiterrupted. 

Argon was used as the cooling gas. Spectra data acquisition and analysis was perfonned 

using software developed in-house (Tofma). Calibration ofthe mass spectrometer was based 

on two known mass peaks. An overnight trypsin digestion yields enough peptides to identify 

the main proteins ofreovhs,  outer capsid proteins a3 and pl, and imer capsid proteins Il 

and a2, by MS-Fit and MS-Tag via the internet (http:/fprospector.u~sfedu/)~ 



to the amino terminus (N-terminus) fiagrnent consisting ofresidues 1-22. The predicted mas 

of this peptide is 2469.2, a difference of an additional 42.0 which is indicative ofan acetyl 

group and calculated to lie on the firot amino acid, methionine Figure 20). The actual m a s  

of an acetate group is 43.0; however, two hydrogen molecules are lost during the bond 

formation, one from the acetate group and the other from the peptide amino terminal group. 

Therefore, this is the first evidence that shows acetylation of the a3 N-terminus. Acetylation 

would be favourable on the amino group as there is no other fkeely available electron donor; 

a prerequisite to covalent bond formation. 

3.3.1.3. Orientation and surface exposed regions of outer capsid virion 

proteins. For a more detailed examination of virion protein digestion, a more tightly 

controlled time course digestion with typsin was conducted. A large sample of purified 

virions was digested with trypsin at pH 7.4 and at 37OC with equivalent aliquots coliected at 

different time points. TFA was added to the aliquots immediately to inhibit any further 

digestion. Samples were fiozen at -20°C and then prepared for mass spectrometry. Peak 

and their corresponding peptides, were analysed for their order of appearance. The first 

peptide released is an eight residue peptide corresponding to the carboxy terminus (C- 

terminus) of major outer capsid protein pl  (Figure 22). M e r  that, a3 is proteolytically 

digested followed by digestion of the remainder of p 1. Resul ts are summarized in Table 7 and 

Figure 23. The first 03 peptide corresponded to the amino acid fragment 2 14-236. Digestion 

then proceeded in either direction until a3 was completely digested- Irnmediately d e r  a3 

digestion, p 1 was proteo1ytically processed beginning at amino acid regions 235-243 and 

shortly thereafter at 507-537. Digestion then proceeded in both of these regions in either 



H,N - CH- Cûû- R C-HN - CH-COO-R 
I I 

CH2 
I CH2 I 

CH, I G 42.01 CH, I 

Predicted mass = 2469.20 Calculated mass = 25 1 1.2 1 



Figure 20. MS/MS spectrum of the tryptk ion at d z  2511.2. A. The tandem mass 

spectra ( M S I M S )  of ion 25 1 1.2 (labeled) was acquired at a laser repetition rate of 9 Hi. The 

ion was fiagrnented using argon as the collision gas. The collision energy was set by applying 

the accelerating voltage by the nile 0.5 VIDa and then adjusted manualiy to  obtain desirable 

fkagmentation of the parent ion. Spectra data acquisition and analysis was perfonned using 

software developed in-house (Tofina). Manual analysis indicates the N-terminal acetylation 

of a3 peptide 1-22: Acetyl-MEVCLPNGHQIVDLINNAFEGR. Pn shows the interna1 

proiine fragments. y, indicates fiagments from the Gterminus; b', indicates fiagments fiom 

the modified N-terminus. B. The structural formula and mass of the a3 peptide fiagrnent 1- 

22 in a non-acetylated and N-terminus acetylated form. R = amho acids 2-22: 

EVCLPNGHQIVDLXNNAFEGR 
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21. Peptide mapping of tryptic T1L virion digests. Rirified TlL vinons were 

digested with trypsin at 37°C at a viral protein to enzyme ratio of 1000:l. At various time 

intervals, aliquots were removed and analysed by MALDI QqTOF mass spectroscopy. To 

identifjt the peptide fkagrnents kom the mass spectra, the m/z of monoisotopic ions were used 

to search a database of reovinis proteins uskg the computational program ProMac (Sciex, 

Concord, ON). Peptide peaks in green identw p 1 kagments; peptide peaks in red identm 

03 fragments. Initiai peptides nom bo th protehs are labeled. * = next p 1 peptide identitied 

after total a3 digestion. 



direction. This order of identified peptides foilowing digestion provides evidence to the 

structural orientation of the protein and identifies s u ~ a c e  exposed regîons. 

To provide additional structural evidence, purified virions were also digested with V8 

protease which gave a similar 03 and p 1 pattern of digestion as trypsin processed virions did 

(Table 7 and Figure 22). However, one major difference between V8 protease and trypsin 

digestion was the fragment order of appearance. Despite p l  cleavage initiahg in two 

locations in a manner paraliel to trypsin digestion, its digestion began before the complete 

digestion of 03, where in trypsin digested virions, with the exception of the initiai smaU C- 

terminus fragment, p l  digestion did not re-initiate until e3 was completely digested. 

3.3.1.4. X-ray crystallographic analysis of 83. The available X-ray 

crystaflographic structure of the 03 dimer (Olland et al.. 200 1) was analysed and manipulateci 

using the computer based program RasMol 2.7.1. (Bernstein and Sons, Belport, NY). 

RasMol was used to identiw where the initial peptide from both trypsin and V8 protease 

digestion is situated in the a3 monorner. The trypsin fragment 214-236 and the V8 protease 

fiagment 199-2 17 are located on extemal surfaces of the protein (Figure 24). This suggests 

that this region of the protein is more accessible and surface exposed, away fkom the intenor 

of the virion, 

3.3.2. MALDI QqTOF analyses of core capsid proteins. Purified T 1L and T3D 

virions were converted to cores as described in Matenals and Methods section 2.7, Purified 

T1L cores were then digested with trypsin at pH 7.4 at 37°C for 24 hours. Cores, present 

at low concentrations, were then lyophilized and resuspended in dH20 to concentrate peptides 

and were prepared as described in Materials and Methods section 2.12.4.1 for anaiysis by 

MALDI QqTOF mass spectrometry. This is contrary to the dilution of Wion mples ,  
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Table 7. Peptide productS. from a time course protease digestion of a3 and PI h m  

TlL virions. 

1 Trypsia 1 V8 Protcuc 
- 

Pepsin 

a: Peptides listed are either individual peptides or, in cases when numerous 

peptides were identified, they are listed as a range 



A. Trypsh, pH 7.4 VS Protease, pH 7.4 
N a3 c N 03 c îime 

Trypsin, pH 7.4 V8 Pmtease, pH 7.4 

C. Trypsin, pH 7.4 Pepsin, pH 3.0 

îime N 03 C 



Figure 22. Time course enzymatic digests of a3 and pl outer capsid proteins. A. T i  

course digestion of  T 1L a3 by trypsin and VS protease at pH 7.4. B. Tirne course digestion 

of TlL p l  by trypsin and V8 protease at pH 7.4. C. Time course digestion of T1L a3 by 

pepsin at pH 3 -0. Trypsin digestion is included for visuai side-by-side cornparison. Green = 

undigested protein, yeiiow = peptides identified by MS or MSiMS, red = non-identified 

peptides. Initial peptide cleaved is indicated with the exception of 144- 162 in A (please see 

results discussion). 



Capsid 
surface 

Towards 
centre of 
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Figure 23. X-ray crystillographic structure of the a3 monomer. The orientation of the 

a3 monorner (adapted and modified fiom OUand et al.. 2 0 1  using RasMol (Bernstein and 

Sons, Belport, NY)) is shown. With the exception ofa seleaed region in blue or gran or of 

(E); helices are in pink, P-sheets are in orange and turns are in grey. A. The selected region 

corresponds to residues 214-236, the initiai -tic hgment at pH 7.4. B. The sdected 

region corresponds to residues 199-217, the initial V8 protease fiagrnent at pH 7.4. C & De 

The blue region corresponds to residues 214-236 from trypsin digestion at pH 7.4 and the 

green region corresponds to residues 11 1-128 fiorn pepsin digestion at pH 3 -0. In @) the 

a3 monorner is rotated 90" clockwise about the y-axis. E. Representation of a measure of 

the mobility/uncertainty of a given residue's position. High values, representative of higher 

mobility/uncertainty, are coloured in warmer (red) colours and lower values, representative 

of lower mobility/uncertainty, in colder (blue) colours. 



because unlike cores, virions are at a higher particle concentration and at much higher salt 

concentrations, the latter of which adversely S e c t s  the mass spectrometer. Analysis of the 

resultant peptide peaks identified all five core proteins; Al, U ,  2.3, p2, and a2. 

3.3.2-1. Orientation of core capsid proteins. To determine the orientation 

of the core capsid proteins, a tightly controlled tirne course digestion was d e d  out. A large 

sample of T1L and T3D purified cores were digested with trypsin at pH 7.4 at 37OC. 

Equivalent aliquots were removed at various tirne intervals to which TCA was added 

immediately to inhibit further digestion. A surnmary of the initial peptide products is shown 

in Table 8 and Table 9. Unlike the sequential digestion of proteins observed in the virion 

capsid, core capsid proteins Il, 2.2 and a2 were digested simultaneously. This agrees with 

previous structural organization evidence that suggests that within reovirus cores, Al, A2 and 

02 are surface proteins that are equally exposed (Dryden et al., 1993; Reinisch et ai.. 2000). 

The core spike protein U 12s oriented in such a fashion that exposes nurnerous regions of itself 

as digestion was able to initiate in different locations throughout the protein. Major core 

capsid protein Li must be ananged such that its N-tenninus is predominantly exposed as this 

is where digestion initiates. Major capsid protein a2 on the other hand, which is thought to 

form an intricate lattice with hl (Dryden et al., 1993; Reinisch et al., 2000), is oriented such 

that its C-terminus is Iocated towards the surface of the capsid as this is the site where 

digestion initiates. 

A closer examination of the cleaved proteins from T1L and T3D reveal slight 

dserences in the initial released peptides, either in terms of the order of appearance or in 

terms of the actud peptides themselves (Table 8). DBerences are observed in % three major 

capsid proteins. For example, in TlL, the initial 11 peptides in the N-terminus region that 
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corresponds to amino acids 55-64 and 64-84 whereas in T3D, the first peptides correspond 

to amino acids 38-54 and 55-64, a region located slightly upstrearn. As another example, in 

T IL, 02 peptides 3 15-322 and 394-4 18 are seen before 370-377 whereas in T3D, peptides 

3 78-393 and 394-4 18 are seen before 3 15-322. A similar exarnple is seen in U, where 

peptide 549-556 does not appear simultaneously with 769-778 in T3D cores as it does in TIL 

cores. These peptide patterns provide evidence which suggests that, whiie not affecting the 

general orientation of the core proteins, there are subtle conformational dserences between 

the two major reovirus strains T1L and T3D. 

3.3.2.2. X-ray crystallographic analysk of the reovirus cor& The X-ny 

crystallographic structure of the T3D core particle has been previously determined (Reinisch 

et al., 2000). Using RasMol, a five protein subunit of the X-ray crystaiiographic T3D core 

structure was manipulated to show where the initial T1L and T3D peptides for each surfgce 

core protein were located (Figure 24 and Figure 28A). Aithough the X-ray crystallographic 

core structure is of T3D, T1L peptides were identified for the sake of cornparison. 

3.4. Structural conformational changes observed in virions and cores. 

Despite maintainhg high structural stability during the extracellular phases oftheir 

replicative cycles, viruses are significantly dynamic dunng other stages in their life cycle. In 

particular, previous expenments have shown that the protein capsids of reovirus virions and 

cores undergo confoxmational changes during key events in the reovirus Me cycle (Dryden 

et al.. 1993; Fernandes et al.. 1994; Shepard et ai.. 1995; Yeager et al.. 1996). These rnay 

occur during entry, or during biological events such as transcription, as suggested by 

cryoelectron microsco py (Yesger et al.. 19%). 
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Table 8. Peptide products fiom a lirnited tirne course tryptic digestion of T1L cores. 

Time 
(min) 

1 .O 

1.5 

2.0 

3 .O 

5 .O 



Table 9. Peptide products fiom a Limited t h e  course tryptic digestion of T3D cores. 

L 

Time 

(min) 

1 .O 

2.0 

3.0 

5.0 

Transcribing Cores 





Figure 24. X-ray crystnllographic structure of a five protein core cornplex: TlL and 

ï 3 D  cornparison. The X-ray crystallographic structure (space-fil1 model) of a 5 protein 

complex was adapted and modined using RasMol mernstein and Sons Belport, NY) fkom 

Reinisch et al., 2000. Colours, indicate the difEerent proteins and the initial peptides cleaved. 

A. Identification of the five proteins. B. The initial cleaved peptides f?om the a2 proteins 

in T3D. C. The initial cleaved peptides fiom the 02 proteins in TIL. D & E The X-ny 

crystailographic structure is rotated 90 into the plane and towards the top of the paper to 

allow visualization of the initial cleaved A1 peptides fiom T 1L @) and T3D @). 



3.4.1. Conformational changes observed in virions in respoase to pH change. 

During the course ofthe reovirus life cycle, virions can expenence low pH conditions within 

a host in two difEerent locations. Dunng a gastro-intestinal infection, the virion must go 

through the stomach and endure an acidic pH that can be as low as 0.82 (Vander et al., 

1994). During cellular infection, viruses are adsorbed via receptor-mediated endocytosis into 

endosornes which then fise with lysosomes where the pH can drop below 4.0. To investigate 

whether conformational changes occur in vinons in response to a decrease in p E  as past 

evidence suggests (Fernandes et al.. 1994), vinons were digested at low pH values* 

A sample of purified T1L virions were adjusted to pH 3.0 or 4.5 and then digested 

with pepsin or V8 protease respectively at 37T. Tryspin was not used as it is inactive at such 

acidic pH's. Equivalent aliquots were removed at various time points ranging fkom 0.5 

minutes to 24 hours. Digestion was inhibited with the immediate addition of 10 mM Tris pH 

7.4 to pepsin digested sarnples or by the addition of O. 1% TCA to V8 prote- digested 

samples. Foliowing inhibition, samples were fiozen at -20°C and then prepared for analysis 

by MALDI QqTOF as descnbed in Materials and Methods section 2.12.4. AU V8 protease 

peptides were identified using the program ProMac whereas MS/MS had to be peflormed on 

all pepsin fragments due to its non-specific cteavage. Results are sumrnarized in Table 8 and 

Figure 22. The first initial peakidentified corresponds to amino acids 199-2 17 when digested 

with V8 protease. However, the first identified peptide fkom pepsin digestion corresponded 

to arnino acids 11 1-128. This pepsin digest fiagment is about 100 residues closer to the N- 

terminus than where trypsin onginally cleaved which indicates a different surface exposed 

region (Figure 22). 



To examine whether the observed peptides were a result of viral protein disassociation 

due to a decrease in pH puriiied vinons were adjusted to pH 3.0 and maintained as such for 

up to one hour followed by observation via electron microscopy. Electron micrographs 

revealed fully intact virions (data not shown). This suggests the resultant peptides are not a 

result of acid-induced virai capsid disassociation- These observations provide evidence that 

the virion can undergo a conformational change during low pH exposure white retaining its 

integral state. Such observations have been shown in other vimses; for exarnple, Sindbis virus, 

where low pH exposure alters the conformation of its membrane glycoproteins without 

disruption of the v i n s  enveiope (Phimey et a', 2000)- 

The initial pepsin digest peptide 1 1 1-128 was identified on the X-ray crystallographic 

structure of the a3 monomer using RasMoI (Figure 23). Amino acids 11 1-128 are situated 

on an extemai face of the protein. Examining the flexibility of a3 using RasMol, through a 

measure of the mobilityhncertainty of a given residue's position, reveals that the pepsin and 

trypsin cleaved peptides exist in a region of higher flexibility (Figure 23). This provides 

supportive evidence and adds credence to the fact that a conformationai change occua in 

virions in response to a change in pH- 

3.4.2. Conformational changes obsewed between transcribing and non- 

transcribing cores. As discussed earlier in the Introduction, once virions are processeà to 

their core form within the cell, being transcriptionally competent, they are able to undergo 

transcription of their viral genome. Cryoelectron microscopic analysis of transcribing and 

non-transcribing cores in a previous study suggests that conformationai differences exist 

between the two (Yeager et al.. 1996). 



3.4.2.1. Fluorography and phosphor imaging analysk To determine 

whether possible conformational differences do exist between non-transcribing (NTS) and 

transcribing (TS) cores, T3D cores were exarnined by fluorography. Bnefly, samples of 

purified "S-labelled cores, prepared as described in Materials and Methods section 2.12.1, 

were digested with various proteases at 37OC for 90 minutes. Core conditions were identicai 

with the exception of the ingredient 2X TRB. The addition of 2X TRI3 dows  for 

transcription, therefore cores in the presence of 2X TRB were TS and cores in which 2X 

TRB was replaced with 200mM HEPES pH 8.0 (2X TRB without NTP's, enzyme, and 

enzyme substrate) were NTS. TS cores were aliowed to transcribe at 50°C for 10 seconds 

or at 37°C for 30 seconds before the addition of protease. NTS cores were also pre- 

incubated at 37OC for 30 seconds before protease addition. Conditions were such that the 

ha1 protein to enzyme ratio was 3:2. Digestion was arrested by cooling the samples on ice. 

Samples were then analysed by SDS-PAGE and ffuorographed as descnbed in Matenals and 

Methods section 2.12.3. 

Fluorographyrevealed a difference in the peptides present betweenNTS and TS cores 

(Figure 25) which is suggestive of a conformational difference between the hvo fonns of 

cores. This difference was not a fûnction of the temperature of pre-incubation as the 

differences were identical in cores that undenvent transcnption at 37OC or at SO0C. Another 

experiment was nin in which NTS and TS cores were digested with trypsin for 1, 5 and 15 

minutes at 37OC at a protein to enzyme ration of 2000:l. Peptide products were then 

analysed by phosphor imaging analysis as described in Materials and Methods section 2.12.3. 

The three major bands (two h and one o band) fiom each time points were analysed for 

intensity and corresponding bands were compared to one another (Figure 26). The second 
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Figare 25. Fïuorography of truurribing ancl non-truiseribing cotes digested with 

various proteases. A. Non-transcribing (TS -) and transcribing (TS +) T3D radio-labeled 

cores were digested with various indicated proteases for 90 minutes at 37°C. Cores 

underwent transcription at 37°C for 30 seconds or 50°C for 10 seconds (as labeled) before 

addition of protease. Protease was added at a viral protein to enzyme ratio of 3:2. After 

digestion, equivalent aliquots of peptide products fkom each sample were resolved by SDS 

polyacrylamide gel electrophoresis and the results fluorographed. Undigested virions (v) 

and cores (c) were used as markers. Sets of Wal protein bands are labeled as su&. B & C. 

Images of the outlined squares in (A) were blown up: * (B) and S (C). Arrows denote band 

daerences between transcnbing and non-transcribing samples. 



Trypsui 
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Figure 26. Phosphor imaging anaîysis of  tnnscribing rad nom-tmiiuribing con 

peptide products. A. T3D non-transcribing and transcribing cores were digesteci with 

trypsin at 37°C at a virai protein to protease ratio of 2000: 1. Equivdent aiiquots were 

removed at 1, 5 and 15 minutes. Digestion was inhibited by immediate cooiing on ice- 

Sarnples were then resolved by SDS-PAGE. Undigested ares were heated at 37OC for O and 

15 minutes and were used as controls. Core proteins are labelied as such. B. Phosphor 

imaging analysis of the gel in (A). A corresponds to the top A. band in (A); B corresponds to 

the bottom L band in (A); and C corresponds to the a band in (A). 



7L band had decreased in intensity by -16% in NTS cores and by -55%, or three times as 

much, in TS cores. These results provide fiirther evidence that a different pattern ofdigestion 

occun between NT'S and TS cores, suggestive of possible conformational diierences 

between the two. Fiuorography and phosphor imaging analysis are valuable to obtain 

preliminary data yet are less sensitive than other means. Therefore to further investigate these 

findings, NTS and TS core samples were analysed by mass spectrometry. 

3.4.2.2. -DI QqTOF analysis. Purified TIL and T3D cores were 

incubated at 50°C for 30 seconds with or without 2X TRI3 under unmodified or modified 

transcriptional conditions as described in Matenals and Methods section 2.12.4.1. Cores 

were then digested with typsin at pH 7.4 at 37OC at a protein to enzyme ratio of 1000: 1. At 

selected time points, equivaient aliquots were removed and the digestion was inhibited by the 

irnmediate addition of T C k  Samples were then concentrated and prepared as described in 

Matenals and Methods section 2.12.4.1 and analysed by MALDI QqTOF mass spedrometry. 

Results are summarized in Table 8 and Figure 27. Close inspection shows minor variations 

visible in these cores after transcription. Although two regions (38-64 and 136-168) in51 are 

exposed in the NTS cores fiom both strains, only one of them (136-168) is initiaiiy exposed 

in the TS cores. When digestion of ?+.2 is compared, fiagrnent 769-778 in TS T3D cores is 

the first peptide cleaved by trypsin whereas peptide 9-21 is cleavcd first in NTS T3D cores. 

In TlL, the order of peptide fragments fiom 22 does not change, instead it is the rate of 

appearance that does. Parallel types of variations are also found in the digestive pattern of 

the a2 protein. The evidence provided here suggests that conformational changes occur in 

cores when switching from a non-transcnbing state to a transcnbing one. 





Figure 27. Initial erposed regions in reovirus core proteins. Initial trypsin digested 

peptides (red) in reoWus non-transcnbing and transcnbing core proteins (green) of TlL and 

T3D. The length of the bar corresponds to the relative size of the protein. NTS = non- 

transcribing cores; TS = transcriiing cores- 





Figure 28. X-ray crystPlJognpbic structure ofdive protein c o n  cornpiex: tmnrcribing 

and non-transcribing con  parison. The X-ray crystallographic structure (space-fill model) 

of a 5 protein complex fCom was adapted and m d i e d  using RasMol (8emsttin and Sons, 

Belport, NY) h m  Reinisch et al, 2000. Colours, indicate the di&rent proteins ud the 

initial peptides as in Figure 24k A. The initial cleaved peptides in 2.2: 9-21 in non- 

transcribing T3D cores, and 768-778 in transcribing T3D cores. B. The initiai cleaved 

peptides from the02 proteïns: 378-393 and 394-418 in non-tmscribing T3D cores, and 394- 

4 18 only in transcribing T3D cores. C. The X-ray crystaiiographic structure is rotated 90 

into the plane and towards the top of the paper to allow visualization of the initiai cleaved A1 

peptides fiom transcribing T3D cores (for the initial peptides released in non-trmscribing T3D 

cores, please see Figure 24E). D. A representative measure of the mobility/uncertainty of 

a given residue's position. High values are coloured in warmer (red) colours and lower values 

in colder (blue) colours. 



For firther analysis, the initial peptides fkom the three surface core proteins fiom NTS 

and TS cores were identified on the five protein subunit of the X-ray crystdographic T3D 

core structure using RasMol (Figure 28 and Figure 24 D and E). Examining the flexibiiity of 

the five protein subunit using RasMol, through a measure of the mobilityhncertainty of a 

given residue's position, reveals that the trypsin cleaved peptides exist in a region of high 

flexibility, particularly in spike protein 7 2  (Figure 28). This provides firther testimony t h  

the core proteins c m  undergo a conformational shift that does not disrupt their capsid 

int egrity . 



4. DISCUSSION 

A virus, such as reovirus, maintains high structural stability during the extracellular 

portion of their replicative cycle, yet are significantly dynamic during other stages in theu Me 

cycle, namely during ce11 attachent (Fernandes et al.. 1994). uncoating (Dryden et aL. 

1993) and transcription (Yeager et al., 1996)- Despite the extensive studies that have 

characterized the various structurai proteins found within the capsid layers of reovirus, Iittle 

is known with regards to the proteins within it and to the overall dynamics of the virus 

particles. Furthermore, little is known with regards to the enzymatic proteins located inside 

the capsid, specifkally with respect to Â3, the RdRp, and how it tùnctionally carries out 

transcription. This study serves to fiirther characterize the interior core protein A3, and the 

structural proteins that make up the capsids. The morphology ofthe virion and core capsids 

were examined under various environmental conditions by mass spectrometry, a technique 

not so far applied to reovirus. 

Results shown here provide evidence that different strains of reovinis are 

morphologically different and have the capacity to undergo extensive conformational changes. 

Furthermore, mutations within the catalytic portion ofthe RdRp which lead to a major change 

in secondary structure, may serve to facilitate transcription but not replication. In addition, 

the environmentally safe compound Vertrel XF was identified as a suitable substitute for the 

organic solvent Freon 1 13, extensively used in virus purification. 

Combined evidence provided in these studies shed new Iight on the dynamics of 

reovinis during the course of an infection, evidence which can be extrapolated to al1 other 

RNA and DNA vinises. 
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4.1. A comparative analysis of organic solvent Freon substitutes in the purification of 

reovinis virions. 

Purification of viruses Corn infected ce11 Lysates is an important first step in many 

biochemical and structural studies. In the case of many non-enveloped viruses such as 

mammalian reovinis, separation of Mms h m  infecteci ce11 debris is accomplished by organic 

solvent extraction. Freon 1 13 (1,1,2-tnchloro-1,2,2-trinuoroethane)(Freon)~uPont, 

Wdmington, DE) is one such organic compound which for decades has been a key component 

of some viral purification methods (Gomatos & Tamm 1963; Gschwender & Traub 1978; 

Berman et al., 1981; Richt et al, 1993; Liebermann & Mente1 1994). Due to its unique 

physical and chernical propetties, this fluonnated hydrocarbon compound has been ideal in 

extracting lipids and lipid bilayers without extracting proteinaceous (and hence polar) materid 

such as non-enveloped viruses. The extracted viral particles can then be concentrated and 

purXled in ultra-centrifugation gradients and used in biochemical and structurai studies. 

However, because Freon has been implicated in ozone layer depletion and because of rising 

environmental concems, its use has been progressively eliminated and eventually will be 

prohibited (Taylor 1996). The future unavailability of Freon would remove an essential step 

in virus purification- A logical solution to this obstacle is to substitute it with another solvent 

that behaves like it, yet has low toxicity and environmental hazards. 

In attempts to identify a suitable Freon substitute, the capacities of different organic 

sofvents to pune cultivable reovinis fiom tissue culture were tested. As stated earlier, the 

properties of an organic solvent can be charactenzed by Hansen's three solubility panuneters 

@ - dispersion energy, P - polar energy, and H - hydrogen bonding energy @&men & 

Beerbower 197 1; Gotdschmidt 1993). In finding a replacement, we concentrated on selecting 

130 



solvents that have soliibility properties sirnilar to those ofFreon. A few altemate haiogenated 

hydrocarbons have solubility parameters similar to those of Freon, but other properties make 

them unsuitable for use (examples include: 1,2-dichloro-1,1,2,2-tetratluoroetham with a 

boiling point of 4OC and carbon tetrachlonde with its high toxicity). Many other organic 

cornpounds, such as hexane and 1-chlorobutane, have some parameters simiiar to those of 

Freon, but differ substantiaily in other parameters. By combining some of these compounds 

in various ratios, soivent mixtures were created that closely matched Freon's solubiity 

parameters. Initially, hexandl-chlorobutane (a 7:3 volume/volume mixture), isopentane/l- 

chlorobutane (7:3), toluene, and vertrela XF (Vertrel) were tested as suitable solvents. 

Vertrel(l,l, 1,2,3,4,4,5,5,5-decafluoropentane) is a Freon substitute developed by DuPont 

which is not implicated in ozone depletion (Vertrel XF technical bulletin, 1999). 

Results indicate that both Vertrel XF and a 7:3 mixture of isopentandl-chlorobutane 

serve as suitable substitutes for Freon 1 13 in the purification of reovirus virions- Although 

most of the other solvents tested were partially effective in pur img Mnis, the quantity of 

virus recovered was smalier and preparations had higher levels of contamination. It was 

found that a 1: 1 mixture of chloroform/isobutanol was a poor choice for purification of intact 

reoWus virions due to the lack of genomic material observed under SDS-PAGE, disrupted 

viral morphology and low levels of infectivity. The poor results obtained fkom 

chloroformhsobutanol (1: 1) may be explained by its different solubility parameter values. 

Compared to Freon, Vertrel, and isopentane/l-chlorobutane (7:3), chlorofo~sobutanoi 

(1 : 1) has a similar D value, a slightly higher P value, and a significantly larger H value. A 

higher H value would result in larger hydrogen bonding energies which would serve to 

promote interaction between solvent and both polar and nonpolar molecules. Therefore, the 
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solubility properties of chloroformlisobutanol(1 r 1) may be such that it does not extract intact 

virions away nom ceiiular debns as weii as the other solvents or may have a detrimental e f f i  

on the virions. Although both Vertrel and the 7:3 mixture of isopentandl-chlorobutuie 

appeared to be the best substitutes for Freon 1 13, other considerations suggest the former to 

be the better choice. Sample emulsification with Vertrel consistently gave larger amounts of 

purer and more infectious virus than the other tested solvents. In addition, 1-chlorobutane, 

isopentane, and hexane are dl flammable and volatile liquids which are monitored by the 

Environmentai Protection Agency (EPA). Because of their flarnmability, they are not 

recommended for use in any type of centrifugation process (an integral part of viral 

purification), as vapours may be ignited by exposure to electncal contacts. Furthemore 

Vertrel appears to be a more attractive solvent substitute due to its compatibility with rnost 

plastic pipettes (for exarnple, polystyrene and polypropylene), low toxicity, chemicai and 

thermal stability (up to 300°C), non flammability (no reported flash point), and reported lack 

of ozone depletion properties (Vertrel XF technical bulletin, 1999). Vertrel is also accepted 

as a substitute for ozone-depleting substances and is exempted from classification as avolatile 

organic compound by the EPA. 

Extraction with Freon has also been a key step used in medical virology for 

purification of viral nucleic acids fiom non-enveloped fastidious agents found in ciinical 

samples (Atmar et al., 1995; Le-Guyader et al., 1996; Traore et al., 1998). The purification 

of calicivirus nucleic acid fiom stool samples using selected solvents was also examined 

(Mendez et al, 2000). Combined results have indicated that Vertrel was the ideal Freon 

substitute for the purification of calicivirus nucleic acid and of reovirus (Mendu et al, 2000). 

Vertrel is now the adopted choice of organic solvent in the laboratory for ail necessary 
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purifications of non-enveloped vinises, an imperative step required when studying purifieci 

vinons or cores. 

4.2. Phenotypic differences observed in temperature sensitive mutants tsD357 and 

lsG453. 

The genetic system of reovirus has allowed for the creation and manipulation of a 

panel of conditionally-lethal temperature sensitive (ts) mutants- ts mutants have been 

assigned to ten groups that represent the ten dserent gene segments (Coombs 1996; Fields 

& Joklik 1969; Ramig & Fields 1979). These tsmutants and reassortant analyses have proven 

to be vital tools in studies that have led to characterizing DNA and RNAmetabolism, protein- 

folding pathways, viral assembly pathways, and viral pathogenesis and stnicture (Drayna & 

Fields 1982a; Drayna & Fields 1982b; Keroack & Fields 1986; Bodkin & Fields 1989; 

Coombs 1996; Shing & Coombs 1996; Yin et al. 1996; Hazelton & Coombs 1999; Becker 

et al, 200 1). The generation of ts reassortants allows us to assign a particular phenotype to 

a gene and consequently to its corresponding protein. Purified ts mutants trD357 and tsG453 

are an invaluable tool which though extended studies, will help characterize viral proteins- 

At the non-permissive temperature, tsD3 57 has been shown to produce empty vinons 

(Fields et al.. 1971), reduced arnounts of single-stranded RNA and protein (Cross & Fields 

1972; Fields et al., 1 W2), and nearly undetectable amounts of progeny dsRNA in infected 

cells (Cross & Fields 1972; Ito & Joklik 1972a). A panel of reassortants were generated by 

crossing tsD357 with the wild-type parent T 1L. The reassortants were subsequently analysed 

and through an EOP assay, a conditionally lethal lesion was mapped to the L1 gene which 

encodes the RdRp, (Drayna & ~ie lds  1982a; Koonin et al.. 1989; Morozov 1989; Sternes & 
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Joklik 1993). 

tsG453 is another ts mutant that produces core-like structures that have the full 

complement of genome but fails to produce ISVP-like particles or mature vinons at the non- 

permissive temperature (Morgan & Zweerink 1974; Danis et al., 1992). Other reassortant 

mapping studies con6rmed the lesion in tsG453 to be in the S4 gene (Mustoe et al., 1978a; 

Shing & Coombs 1996). The failure to produce mature vinons in a restrictively infkcted ceîî 

is caused by the failure of p 1 to form complexes (required for the condensation of the outer 

capsid ont0 nascent cores) with mature 03 which is rnisfolded (Shing & Coombs 1996). A 

second panel of reassortants were generated by crossing the YS mutant tsG453 with the wild- 

type parent TlL. An extensive EOP assay mapped the ts lesion to the S4 gene. 

Through pre-incubation at high temperatures as described in Results section 3.2.3.1 ., 

purified virions fiom tsD357 and tsG453 were examined for any heat-induced decrease in 

viral titres. tsD3 57 viral titres were not afEected when the virions were pre-heated at 5S°C 

prior to infection whereas isG453 were extremely susceptible, with viral titres dropping over 

five orders of magnitudes. This suggests that tsD357, despite being a ts mutant, is as thermal 

stable a virion as its parent T3D. These experiments also help answer the question whether 

the ts nature of the virion, Le. the impairment of its replication at non-permissive 

temperatures, was due to stmctural dismption of a particular protein in response to elevated 

temperatures. fsD357 clearly displays its rs nature at a temperature of 39°C. Purified t a 3 5 7  

virions were preheated at SOC, which is far higher than the non-permissive temperature of 

3g°C. Therefore if the vinons are able to withstand these extreme temperatures and not have 

them affect their infectious nature, then its ts characteristic is not a fùnction of vinon 

dismption, verified by examination under the electron microscope. 



On the other hand, t.sG453 showed rernarkable susceptibility to heat-induced l o s  of 

infectivity when preheated at 5S°C but not when preheated at 50°C. A selection ofTlL x 

tsG453 reassortants, representative of diverse reassortment, were amplifieci and purifieci. 

Punfied reassortants were then preheated at 55°C fcir 15 minutes and their viral titres were 

compared to both parents. Based on the percent survival of the virions, reassortants were 

organized into two panels which revealed the S4 gene to be responsible for this phenotypic 

observation- The S4 gene encodes the outer capsid protein 0 3 .  The fact that pre-incubation 

at high temperatures disrupted levels of infectivity is highly suggestive of a structural faiiure 

within the virion. To examine for any aberrations in the virion, a sample ofpurified t a 4 5 3  

vinons preheated at 5S°C for 15 minutes was exarnined by negative stain transmission 

electron microscopy. Electron micrographs clearly reveal a structural anomaly within virion 

particles. Up to 75% of the sample consisted of a virïon-like particle which appeared to have 

a loosely associated outer shell when compared to untreated vinons. Furthemore, the 

remaining 25% of the sample consisted of core particles. Exposure to extreme temperatures 

had disassociated the outer capsid either partially or completely to yield either abnormal 

virions or intact cores respectively. Therefore, the lesions in the S4 gene produce a 

structurally unstable protein that is able to assemble onto the inner capsid at permissive 

temperatures but is weak, generally or specific at the pl-a3 interaction, when exposed to 

elevated temperatures. Past studies have shown t hat the misfolded 03 protein f ~ l s  to form 

complexes with p 1, a pre-requisite to outer capsid assembly (Shing & Coombs 1996). A 

possible reason for the loose association of the outer shell is a weakened pl-a3 bond. This 

suggests that the p h 3  interaction is negatively afEected by the ts mutation(s), in accordance 

with previous observations (Shing & Coombs 1996). It is important to note however that the 
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decrease in infiectivity was observed at 55°C but not at 50°C indicative of a threshold of 

tolerance higher than wild-type parent that must be surpassed for viral disruption. This 

threshold observed is a function of temperature as the tirne is held constant. However, time 

of incubation may play a role if the temperature was held constant. Further expenments 

where virions are preheated at lower temperatures over longer periods would anmer this. 

50°C is above the non-permissive temperature of 39°C where the mutant's fstrait is observed. 

Therefore this structural aberration is not responsible for the fs nature of the virus. This is 

suggestive of a weaker pba3 interaction due to a misfolded a3 protein- Three non-silent 

mutations in the S4 gene segment that result in three amino acid changes have aiready been 

identifïed @anis et al., 1992; Shing & Coombs 1996). To fùrther Our understanding of the 

protein-protein interaction, it would be beneficial to examine protein secondary structure 

predictions to see if there are any dramatic changes in conformation. Moreover, znass 

spectrometric analysis, as discussed below, would confirm the presence of any major 

conformational change in o3. 

If the outer capsid is removed to yield the core particle, will the core retain structural 

stability comparable to vinons in response to elevated temperatures? Or is the outer capsid 

vital to particle stability? Furthemore, what affects does heat have, if not on structure, than 

on enzymatic function? The next set of experiments helped resolve such questions and at the 

same time produce more questions. 

tsD357 and 2-3 virions were converted to cores and purified. Cores were then 

preheated at various high temperatures, cooled on ice, and then examined for transcriptase 

activity as described in Results section 3.2.4. Two surprising observations were made in 

which fs.357 was revealed to be more resistant to, whereas tsG453 was more susceptible to, 
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heat induced loss oftranscriptase activity than wild-type parent T3D, a finding similar to past 

observations (Cross & Fields 1972). Both results warrant a more in-depth analysis. 

Although replication by tsD3 57 virions is impaired at elevated temperatura, purified 

tsD357 cores are less susceptible to heat-induced loss of  transcriptase adivity than T3D 

cores. To determine whether this phenotypic difference may be structuralfy related, an 

equivalent number of pre-heated tsD357 and T3D core samples were exarnined by electron 

microscopy to determine whether any visible structural alterations were present. Electron 

micrographs revealed the core particles fiom both clones to be structurally intact, However, 

electron microscopie visualization will not tell us whether major structurai changes occurred 

to proteins found inside ofthe core particle. Results also revealed that 75% of the T3D core 

particles aggregated &er they were heated; however, no such observations were made when 

examining tsD357. It could be possible that pre-incubation at high temperatures affecteci the 

surface properties of T3D such that resultant aggregation restncted transcription. To 

determine whether this may be the case, reassortants were exploited to determine which gene 

was phenotypically responsible. A gene encoding a core surface protein would add credence 

to the above probability. 

T1L x m 3 5 7  reassortants were amplified and punfied to map this phenotypic 

difference. Reassortant cores were pre-incubated at a high temperature, cooled and then 

allowed to transcnbe. Their transcriptase activities were compared to the transcriptase 

activities of non-preheated core samples. Reassortants were organized into two panels which 

revealed a phenotypic map to the L1 gene with no exceptions. These results suggest that a 

mutation or mutations in the L 1 gene encode an altered RdRp that can either stabilize or 

facilitate transcnption more so than the RdRp found in wild-type parent T3D. No gene that 
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encodes a major core surface protein was responsible. This observation then does not 

support the theory that aggregation was responsible for the decrease in transcriptase activity. 

Further electron microscopic observations of TlL x tsD357 reassortant preheated cores 

would either refbte or support this conclusion as well as an increase in the panel size of 

reassortants to soliàii the gene responsible. The current panel oftested reassortants suggests 

that the Ll  gene is responsible. The logical next step would be to sequence the gene to leam 

what eEects a mutation or mutations would have on the secondary structure of the e n d e d  

protein, 

The L1 genes fiom both tsD357 and T3D were sequenced. One silent mutation and 

two non-silent mutations were found in the tsD357 L1 gene when compared to the T3D L1 

gene sequence- The two non-silent mutations resulted in the following T3D to lsD357 amino 

acid changes: isoleucine to serine at codon location 399, and asparagine to serine at codon 

location 1048. Various prediction programs were then used to predict the resulting protein 

secondaxy structure. No prediction program alone can oEer enough confidence to a single 

prediction; therefore, many programs were chosen that yielded a prediction based on dif5erent 

algorithms to strengthen the probability of the overall prediction. A few of the programs 

predicted a minor change at amino acid number 1048 whereas six of the seven programs 

predicted a major change at amino acid number 399. The six programs provide concerted 

predictions that show an isoleucinq, to serinq, residue change results in an increase in the 

hydrophilic nature of the region surrounding amino acid 399 as well as a strand to coil 

morphological change. 

Protein l3 has been shown to consist of multiple domains (Tao et al., 2 0 ) .  Amino 

acids 2-3 80 fom a structural domain dedicated to stability. Arnino acids 3 8 1-890 form the 
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highly conserved characteristic finger/palm/thumb domain found in ali RNA polyrnerases. 

The remaining amino acids, 89 1-1 265, form an overlying ringlethracelet that is believed to 

serve primarily as support. It would seem logical that a mutation in the middle domain may 

have more of a profound effect as it is in the catalytic heart of the enzyme and is more 

conserved than the other domains- The mutation at codon 399, where a major structural 

change is predicted to occur, lies in this catalytic portion of the enzyme. Thus, one would 

expect a definite effect when an amino acid in a conserved region is mutated such that there 

is a large change in polarity. In this case, the effect is increased particle stability as the 

mutated L 1 gene encodes an RdRp that is less sensitive to heat-induced loss of transcriptase 

activity. These observations together with the reassortant analysis, suggests that the LI gene 

contains a key amino acid change at number 399 that results in increased stability of the 

RdRp- 

The underlying question still remains: if transcription is stable in cores after being 

exposed to high temperatures, then what explains the ts nature of the clone and why are 

empty virion particles produced and only low levels of RNA detected, a possible sign of 

impaired transcription? These experiments suggest that the ts lesion encodes a misfolded 

protein that can only be packaged at more tolerant permissive temperatures. Once it is 

packaged, it is "locked" into place and can fùnction at al1 temperatures. However nascent 

misfolded protein has a difficult time becoming packaged at non-permissive temperatures but 

not at permissive temperatures. The low levels of dsRNA and ssRNA observed at the non- 

permissive temperature would then be fiom the initial virions only. If nascent core-like 

particles were effectively assembled, as found at permissive temperatures, the levels of 

dsRNA and ssRNA would increase as these particles also undergo transcription. 
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Furtherrnore, it appears as though the replicase nature of the mutated protein is aiso adversely 

afEected. Unpackaged or fiee-floating misfolded RdRp does not function at non-permissive 

temperature when newly produced. However, it would fitnction if produced at permissive 

temperatures, assembled, and then allowed to carry out its enrymatic functions at the non- 

permissive temperature. The identified mutations in the L1 gene actually serve to promote 

RdRp stability once effectively packaged. 

One final question which remains unanswered is whether these mutations affect the 

rate of transcription, or the integrity of the RdRp itself. This can be answered through 

electron microscopie observation of transcnbing cores that have been preheated. Ifelectron 

micrographs reveal mRNA being equally extruded through the A2 spikes in both W 3 5 7  and 

T3D cores that were preheated, this would suggest then that the rate of transcription must 

be Sected by the mutations. The actual synthesis would not be affected as the total amount 

or mRNA in T3D is less than in tsD357. Synthesis of mRNA is indicative of a stnicturaliy 

sound polymerase. If the electron micrographs instead reveal that not all T3D cores are 

synthesizing mRNq then the observed decrease in T3D's transcriptase activity is a result of 

a less structurally stable RdRp and a more structurally stable one in tsD357. 

Another possibility to explore is that the mutation may impairreplicase ability and not 

transcriptase activity of the RdRp, evident through cores that are able to transcribe as 

efficiently as their wild-type parent. The past observations of less ss- dsRNAand protein 

production by fsD357 at the non-permissive temperature support a plausible theory. Before 

a nascent core-like replicase particle can carry out transcription to synthesize ssRNA 

transcripts, its encapsidated mRNA genes must first be replicated (for a review, please refer 

to Introduction section 1.3 -2). If no replication occurs, no ssRNA can be generated and 
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subsequently a decreased amount of protein will be present as no transcripts are available for 

translation. Therefore the lack of RNA and protein production is not a fûnction of 

transcriptional impairment but rather of dysfunctional replication. Core finctional studies 

presented here show that transcription may not be responsible. Instead, the impediment is at 

the replication level. Such a theory cannot be challenged accurately, as to date, an effective 

â vitro replication assay for reovims has yet to be developed. 

Contrary to tsD357, tsG453 punfied cores are more susceptible to heat-induced loss 

of transcriptase activity, a phenotype which emerges when preheated at 5S°C for 15 minutes. 

When examined by electron microscopy to determine Eany structural alterations ex&, core 

particles were intact and no abnormalities in the integnty of the cores were visible at a 

magnification of 100,000X Like tsD357, this does not imply that no structural change has 

occurred within the core particle in non visible proteins. To help investigate why tsG453 

cores are more susceptible than their wild type parent T3D to a dramatic decrease in 

transcriptase activity when exposed to heat, selected purified TlL x tsG453 reassortants were 

converted to cores and purified. These cores were then preheated at 60°C for 15 minutes, 

and their transcriptase activities were compared to their non-preheated counterparts. The 

reassortant map indicates either the LI, S3 and/or the S4 gene are responsible for the 

p henotypic difference. 

The S3 and S4 genes encode non-structural protein aNS and outer capsid protein a3 

respectively, both of which are absent fiom core particles. By reason of elunination, the L1 

gene which encoded the RdRp rnay be phenotypically responsible. However, to strengthen 

Ll's involvement requires that the panel of reassortants be expanded. Contirmation of Ll  

gene involvernent would imply that fsG453 contains a previously undetected lesion in its L1 
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gene. This would then re-classifj. t.sG453 as a double mutant. To determine what effect the 

lesion has on the secundary structure of the protein requires future sequencing ofthe gene. 

Once the sequence is detennined, computer based programs c m  predict any change in the 

protein's secondary structure. 

It would be premature to exclude the S3 and S4 gene completely, as possible 

contnbuting factors. Perhaps the L 1 gene is not responsible, and instead either or both of S3 

and S4 are. However unlikely it may seem, if the latter case is tme, then this suggests a 

previously unknown function of the S3 andor S4 gene itself in transcription. Perhaps there 

are previously undetected transcriptional sequence signals within the gene(s) thrt are 

recognized by the RdRp, the p 1 polymerase cofactor, or any other core protein hplicated 

in transcription. These signals may have been aEected by possible mutations. Evidence of 

such signals would be a novel finding in reovims. Only by expanding the panel of reassortants 

will such questions be answered. 

Reovinis ts mutants still prove to be an invaluable tool to characterise viral proteins. 

They provide a molecular understanding and basis to what affect mutations may have on the 

virion and virion life cycle. However, ts mutants have their limitation in the ability to provide 

whole structural information of a protein but instead serve to provide regional stmcturd 

information of a protein and functional phenotyping. Therefore to broaden Our structural 

understanding of proteins as a whole, the use of more sensitive techniques were adopted. A 

recently refined method used to charactense proteins involves mass spectromeûy (Loboda 

et al.. 2000; Shevchenko et al.. 2000), the dnving force behind the focus of the ne* severai 

sections. 



4.3. Orientation of vira! capsid proteins. 

To date, there has been only limited evidence to the exact placement of viral proteins 

within the bi-layered capsids of reovirus. Analysis of purified virions and cores by liMted 

proteolysis and mass spectrornetry has furthered this understanding and has provideci strong 

evidence to the nature of viral proteins in terrns of structure and orientation However, a 

major obstacle when analysing virion or  core samples presented itself; one that had to be 

initiaLly addressed. Both particles are suspended in high concentrations of salts to retain the 

particle's integrity. High salts, unfavourable to mass spectrometry, can substantiaiiy increase 

background noise and generate salt ions for each peptide. To circumvent this problem, it was 

necessary to dilute virion samples d e r  digestion with &,O. As the concentration of virions 

was high to  begin with, the dilution of peptides would not significantly affect their detection 

because MALDI QqTOF cari measure peptides at attomoiar (lO-'V concentrations (Loboda 

et al., 2000; Shevchenko et al., 2000). On the other hand, cores are present in lower 

concentrations, a necessity for optimal transcription. Therefore, diluting the resulting 

peptides did decrease their abundance and would have allowed for missed detection of certain 

peptides. Therefore, to avoid dilution, samples were concentrated first by lyophilizing to 

remove standing buffer, then resuspended in a smaller volume of dH,O. This proved far more 

effective and allowed for subsequent detection of peptides. 

Digestion with trypsin and V8 protease at pH 7.4 revealed a sequential digestion of  

outer capsid proteins u3 followed by p 1. Furthemore, digestion by both proteases revealed 

a shilar pattern. Protein a3 digestion initiated within a protease hyper-sensitive region, 

suggesting that this region is located on the extemal surface of the virion. An interesthg 

observation occurred with the time of appearance of  tryptic peptide fiagment 144-162. 
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Protein 03 was digested on either side of this region, yet this peptide fiagrnent did not appear 

until later in the digestion. This perhaps suggests that the peptide rnay have been particle 

bound, and it rnay be within this region where 03 intetacts with underlying pl- The release 

of the peptide did not occur untila3 was completely digested. Perhaps with the removai of 

the entire 03 protein, p 1 which was initially bound in such a manner by the interaction with 

a3, rnay have undergone some form ofconformational change. This change would then cause 

a weak association with the peptide fiagment which would d o w  it to disassociate and hence, 

be detected. This interesting result was not detected with V8 protease. This is probably due 

to the fact that there are fu fewer cleavage sites for V8 protease than there are for trypsin 

which could result in the lack of detection of such a fragment. 

Protein p 1's cleavage pattern difEered fkom that of a3. Whereas a3 digestion initiated 

within one centralized location, there were two sites of initiation in 1. This suggests that p 1 

is folded in such a way that there are two surface exposed regions or lobes that face the 

extemai surface. A schematic mode1 of protein orientation is shown in Figure 29. These 

surface exposed regions rnay fùnction as binding sites for the overlaying a3 protein. The 

middle portion of p 1 is the last to be cleaved during trypsin digestion which rnay suggest that 

it is the region that is buned deep and ttnctions as the interactive site with the underlying 

capsid protein 1 1  and 02. It rnay be possible that p l  is no longer in its 03-bound state, and 

may undergo a confiormational shift in the absence of a3-induced constraints (once a3 is 

digested away) to reveal the p 1 peptide profile observed. If this is the case, then the two 

primary points of digestion rnay or rnay not be the 03 binding sites. 

Two other interesting observations were made with regards to p 1 digestion. Dunng 

trypsin digestion, immediately preceding 03 digest ion, a shon fiagment of eight residues 
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Figure 29. Schematic model of virion capsid protein orientation and digestion. A 

section of the virion outer capsid (a3 and part of C( 1) is enlarged. 03 is drawn such that an 

intemal region is shown to interact with underlyhg p 1. (?) indicates that the basis of this 

interaction is unknown. Proteolysis of a3  resuits in digestion initiating in a protease sensitive 

region located on the most external surface exposed area of the protein. p 1 is drawn as a bi- 

lobed stmcture indicating that there are two surface exposed regions within the protein. 

These regions being more external, are potential a3 binding sites that become susceptible to 

proteolytic digestion once the entire a3 protein is removed. 



which corresponds to the extreme C-terminus of pl, is released. This is wrpnsing as it is 

generaily believed that the p 1 protein is not surface exposed. However, the appearance of 

this fiagment is suggestive that the C-terminus of p l  is accessible to tiypsin. If this is the 

case, this would then suggest that the C-terminus portion of pl may be slightly exposed to 

the surface. Based on the X-ray crystallographic structure, and on the cryoelectron 

rnicroscopic image of the virion, there is ample roorn for trypsin to access the p 1 protein. 03 

monomers are arranged in non-interacting clusters of six (Figure 1C). Trypsin may have 

access to a surface exposed region of an a m  of p 1 either within the centre of these clusters 

or  in the area between them. If a single a m  of p1 is indeed protmding, possibly serving as 

some sort of anchor to 03, then methods such as cryoelectron microscopy and X-ray 

crystailographic imaging rnay not detect it. Perhaps, the a m  of p 1 intertwines within the 

overlaying a3 protein with its C-terminus exposed but the rest of the a m  buried. Schematic 

models depicting possible renderings of this phenornena are shown in Figure 30. This would 

then provide the first real evidence of surface exposure of p 1, a theory which could not have 

been supported until now. 

Tandem MS has also identified a post-translational modification of03 . An additional 

mass of 42.0 is indicative of an acetyl group and upon close calculations of the data, it is the 

first amino acid, methionine which bears the acetyl group. This would provide the first 

evidence of an N-terminal modification to 0 3 .  Current studies in another laboratory, under 

the s u p e ~ s i o n  of Terry Dermody, have shown the inability to detect the N-terminus 

fiagment of o3 fiom an acrylamide gel (personal communication). The inability to detect a 

peptide fiagment fiom the gel is suggestive of an interfenng modification that causes a tight 

association with the acrylamide polymer, and in this case, may be attnbuted to the acetyl 
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Figure 30. Possible models depicting various a3 and pl interactions. A section of the 

virion outer capsid (two a3's and one p 1) is enlarged. Three possible models are illustrated 

to explain the appearance of the initial C-terminus p 1 fiagment. 1. Non-interacting a3 

monomers are spaced far enough to aUow for protease digestion of p l  between them. This 

could occur within the centre of a cluster of six monomers, or in the area between 

neighbouring clusters (for a review of a3 orientation on the outer capsid, please refer to 

discussion and Figure 1C). B. Protease may have access to  the C-terminus "d of p l 

which may extend outwards. This extended a m  may occur within a3 clusters, between 

adjacent clusters, or between neighbouring a3 monomers- C. The interaction between pI 

and 03 may be more intncate in nature such that an a m  of p 1 weaves through a3, possible 

seMng as a a3 anchor. After proteolytic digestion of the initial p 1 fiagment, the remainder 

of the protein may be protected by a3 such that its exposure to protease does not occur untii 

f i e r  complete digestion a3. 



group. Furthemore, not knowing that the N-terminus was acetylated, the investigaton 

would not know which fiagrnent to look for. This would not be the first reoWus protein 

identified with a post-translational modification. Outer capsid protein p 1 has been shown to 

contain a myristoyl group at its Kterminus (Nibert et al.. 1991). The function of an acetyl 

group at theN-terminus of 03 is unknown but based on other acetylated molecules, may sewe 

to provide structural support and possibly function as an energy provider for ligand binding. 

Another possibility is that the acety lation of its N-terminus may be required to daerentiate 

the role 03 plays during the virus life cycle (for a review, please see Introduction section 

1.3.1). Through its ability to bind dsRNA, a feat considered to occur only upon dimerization 

(Olland et al., 200 11, a3 is thought to counteract the reovinis induced host antiviral defence 

mechanism (Yue & Shatkin 1997). Protein 03 also has the capacity to bind ssRNA and may 

play a role in the assortment complex during particle assembly (Antczak & Joklik 1992). 

Furthennore, past studies have shown that the efficiency of cellular translation is detemiined 

by the cytoplasmic level of d that is not cornplexed with p 1 (Schrnechel et al.. 1997). It 

would seem necessary that there must exist some level of regulation that would dictate in 

which of the numerous roles 03 would function. One possible means of control is through 

p 1 binding, which would effectively remove fieely available 03 protein. Another regulatory 

role has been postulated to occur upon 03 dimerization (Olland et al.. 200 1). These studies 

provide evidence that perhaps a third level of regulatory control exists; acetylation of a3 

monomers. Acetylation would presumably direct either pl binding or 03's role in assembly 

as the version of a3 present in virions is one that is acetylated. To provide support to such 

a hypothesis, one could test the capacity of non-acetylated and acetylated foms of a3 to bind 

to protein p 1. 



There is the possibility that acetylation of a3 may have been the result of either sample 

preparation or mass spectrometry. However, four separate observations suggest that neither 

is the case. Firstly, the N-terminus of the other outer capsid protein p1 is not acetylated. 

Secondly, the N-terminus o f d  is not surface exposed based onthe observed peptide profiles. 

Thirdly, dierent samples pulsed at difFerent laser fkequencies did not affect the findiigs and 

the acetylated N-terminus of03 was present in every repeated trial. Fourth, no other peptide 

fragments have their N-terminus acetylated. Therefore, although not impossible, acetytation 

induced by methodology is unlikely the case. The X-ray crystallographic structure of a a3 

dimer does not reveal detectable N-terminus acetylation (Olland et al., 2001). However, it 

is important to note that the purified protein was baculovirus expressed and its pst-  

translationai modification may require other viral proteins during an in vivo infection or 

expression in cell lines typical for a reovirus infection. Perhaps dimerization only occurs in 

the absence of N-terminus acetylation, providing additional credence to the doresaid 

possibility of N-terminus-directed role differentiation. 

Cores were also digested with trypsin to yield peptide profiles. Udike the sequentl 

digestion observed with virion particles, core capsid proteins were digested simultaneously. 

This is indicative of equally accessible surface exposed regions of the proteins. Core spike 

protein X2 digestion initiated at different locations which would be expected as the spike, 

made up of five monomers, is a protruding structure that is predominantly exposed. On 

the other hand, major core capsid proteins 1 1  and 02 are digested initially f'rom their N- 

terminus and C-temiinus respectively. The orientation of these proteins is arrangecl such that 

the N-terrninus of A1 and the C-tenninus of 02 are surface exposed and both equally 

accessible. The 1 1  digestion evidence contradicts the current X-ray crystallographic core 
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structure of the T3D core particle. The initiai fragment, according to this crystal structure, 

is located towards the interior of the capsid. Ifthe core crystal structure is correct, then how 

can trypsin cleave at a site that is inside the core capsid? There are two possible explanations. 

First, perhaps the cores were disassociated before digestion with protease and would thus 

ailow access to the entire surface regions of the core proteins. However, electron 

rnicroscopic analysis shows that these core particles were not disassociated. A second 

plausible solution is that the X-ray crystallographic rendering of the core particle does not 

accurately represent core particles in nature- There may be a misrepresentation of the 

position of the Il proteins. The crystal structure has it such that each bl protein is situated 

in the identical manner. However, it may very well be possible that the A1 proteins may 

alternate in their orientation. This would then allow for N-terminus exposure on only some 

I l  proteins. Ifthis was the case, then we should have seen digestion initiation fkom more than 

one location, which we do not. The crystallographic structure presents a rigid representation 

of the virus. Most celî structures are flexible and it would not be unreasonable to propose 

flexibility in proteins; therefore, the crystal structure is correct but changes occur in the liquid 

state. Therefore I propose, since mass spectrometry, like x-ray crystallography, is a highiy 

accurate and sensitive means of rneasurement, that certain A1 protein domains, 

crystallographically determined as being intemal, can be transiently exposed on the capsid 

surface. Past mass spectrometry studies with flock house virus offers precedent as certain 

solvent-accessible domains, defined as being interna1 to the capsid by X-ray crystallography 

(Fisher and Johnson, 1993), were also transiently present on the viral surface (Bothner et al., 

1998). In yet other studies, poliovirus was shown to be capable of translocation of its intemal 

proteins to the exterior viral surface (Li et al., 1994). Such a mode1 may be the case in 
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reovirus as well. One fûrther fact that must be mentioned is that the actual reovirus core X- 

ray crystallographic structure is not of the reported T3D, but instead of a reassortant 

(communication with the author). This may or rnay not have a negative bearing on the 

structure, but the possibility that it may should not be ignored. 

When the digestion pattern of TlL and T3D cores are compared, süght differences 

cm be observed in the order of peptide appearance. The location ofthe T1L initial fiagrnents 

was also identified on the core crystal structure of T3D as TlL cores have not yet been 

successfully crystallized, a phenotype attnbuted to the L2 gene (7Q) (Coombs et aL, 1990). 

One would not expect that the two core particles would be 100% identical as sequence 

divergence between the two strains, although not high for most genes, would encode related 

proteins that had arnino acid differences. The differences in the digestion pattem provides 

evidence that subtle conformational variance exists in core particles between the two strains. 

To answer whether a significant structural Uifference exists in A2 that is responsible for the 

ability of cores to crystatlize, a longer time course digestion and a more detailed anaiysis 

between the two strains is required. 

4.4. Conformation changes within viral capsids. 

Binding of the virion to the cellular receptor has been shown to lead to a 

conformational change in the viral capsid as cell-bound virions are more resistant to pepsin 

digestion t han unbound virions (Fernandes et ut., 1994). Furt hermore, this conformational 

change is totally reversible as bound virions reverted back to their pepsin sensitive state when 

released from the ce11 surface. An altered conformational state may be necessary for viral 

entry and subsequent uncoating; whether this conformational change occurs and is maintained 
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by receptor binding or through other means during endocytosis remains to be answered. 

Mass spectrometry has been used in the past to provide evidence of conformational 

changes in other vinises such as in flock house virus (Bothner et al., 1998), human rhinovirus 

( Lewis et al., 1998a), and in Sindbis virus (P hinney et al.. 2000). Flock house virus capsids 

underwent a change in conformation when treated with different solvents (Bothner et aL. 

1998). Human rhinovirus, when bound to antiviral agents, was shown to undergo locaüzed 

conformational changes that stabilized the viral capsid (Lewis et al.. 1998). Low pH 

exposure caused conformational changes in the membrane glycoproteins of Sindbis virus 

(Phinney et al.. 2000). MALDI QqTOF mass spectrornetric analysis of purified reovinis 

virions provides evidence that TlL virions undergo a conformational change in their protein 

structure when exposed to acidic pH. Past evidence had alluded to this fact, however, this 

provides the îïrst real evidence that clearly demonstrates a shifl in the primary exposed surface 

region of 03. Pepsin digestion is non-specific; it wilt cleave a protein on the most exposed 

surface. Twsin works in the same way but is limited by its amino acid specificity. The 

region which is cleaved by pepsin at low pH does contain trypsin cleavage sites. Had this 

region been more accessible at the higher p& it would have been cieaved initially by trypsin. 

The same can be said with regards to pepsin proteolytic digestion; had the virion retained its 

form from high pH to low pK then pepsin would have cleaved in the region where trypsin 

had. However as this is clearly not the case, this highly suggests that the 03 protein changes 

in either orientation or conformation when exposed to a low pH. This morphological change 

does not affect the integrity of the virion as particles retained their form for at least an hour 

at pH 3 .O as revealed by electron microscopic anaiysis. These results are consistent with past 

studies that have shown the remarkable stability of virions as they were able to maintain their 
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morphology at pH's as low as 2.0 while still maintaining infectivity (S taniey 1967; Fields & 

Eagle 1973). Upon anaiysis of the X-ray crystallographic structure of  the 03 monomer, the 

sites initially cleaved at both pH's reside in an area of higher flexibiiity. This would add 

confidence to the notion that the protein is able to shifi in form without becoming 

disassociated o r  without jeopardizing the virion particle's integrity. Therefore, reovirus 

virions are not as structurally rigid as previously thought but instead have the capacity to  

undergo a conformational change while presening the particle as a whole. This phenomenon 

is referred to as viral breahing and has been observed in other Wvses such as the common 

cold virus, human rhinovirus, (Lewis et al., 1998a; Phimey et aL, 2000). 

Despite strong evidence of a conformational change at a low p)S V8 protease, a 

protease capable of proteolytic activity at both acidic and neutral pH's, does not reveai 

evidence that a conformational shifk has occurred. In fact, initiai observation of the data 

would suggest no such alterations took place as the peptide profile at both pH 4.5 and pH 7.4 

are identical. However, the V8 protease characteristics are highly dependent on reaction 

conditions which will define which sites are accessible. Furthemore, V8 protease is not as 

enzyrnatically active as trypsin is. The area that should have been targeted at pH 4.5 is not 

targeted at pH 7.4 either. Therefore, the lack of an obvious change in peptide digestion is not 

a reflection that a conformational change did or did not occur. 

Previous findings have indicated that virions undergo a conformational change when 

they bind to cellular receptors and whether this change is necessary for virai capsid 

disassembly remains unknown (Fernandes et al.. 1994; S hepard et al., 1995). The evidence 

provided here shows that the vinons undergo a change in conformation at low pH exposure, 

a condition virions experience early in the course of a cellular infection. It is not known 
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whether this change is similar to the change observed during receptor binding but ifit is, then 

a virus that ailows for a sustained conformational change may require it for viral capsid 

disassembly. On the other hand, if the confiormational changes are different, then then 

possibly is no sipificance to the earlier conformational change, except to perhaps aiiow for 

the virion to maintain its integrity. Furthermore, the flexibility may function to tolerate other 

changes such as when the ce11 attachent protein participates in protein:protein binding. 

Cryoelectron microscopic images of transcriptionally active and inactive cores has 

suggested that cores cm undergo a confonnational change (Yeager et al.. 1996). The 

limitation of the data obtained from such studies is that it cannot accurately pinpoint areas of 

conformational changes. hstead, it suggests a general picture of conformationai change 

within the core particles. Analysis of transcribing and non-transcnbing cores by rnass 

spectrometcy allowed us to overcome such limitations. Both T1L and T3D cores expenence 

a change in their conformational state. Changes are predominant in the core spi& protein A2. 

However, less noticeable changes occur in the core capsid proteins )cl and a2, changes that 

would be imperceptible by cryoelectron microscopy due to resolution limitations. 

Furthermore, electron rnicroscopic analysis reveals that the cores do retain their Uitegrity in 

both states indicating that this shift in conformation is not detrimental to the core particles. 

One would expect that 7c2 would be the protein to expenence the highest level of 

conformational change as this is the protein through which NTP's are thought to enter, and 

mRNA is extmded Le. a highly functional protein (Gillies, et al, 1971; Bartlett et al.. 1974). 

When these proteins were examined for their flexibility using the program Rasmol, A2 was 

shown to have the highest. The core spike is made up of five A2 monomers that form a 

channel that is 70 A diameter at its widest and 15 A diameter at the top (Reinisch et al.. 
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2000). This channel has a total volume capacity of 2 x 10' A3, large enough to acmmrnodate 

up to 300 nucleotides of nascent mRNA. It remains unknown whether this conformational 

change is due to either the availability and entrance of substrates, the generation of- 

or both. It also remains t o  be determined whether the changes in the core capsid proteins are 

a result of a U shift that would affect the remainder of the capsid shell, and hence the core 

capsid proteins, or whether this shift is due to enzymatic proteins within the core that may 

change in response to a transcription supportive environment. 

Core capsid protein, LI, has recently been shown to possess NTl?ase/heLicase activity 

(Bisaillon et al., 1997; Bisaillon & Lemay 1997a; Bisaillon & Lemay 1997b) and cm bind 

nucleic acids nonspecifically (Lemay & Danis 1994). This protein may play an integral role 

in providing the energy for the necessary unwinding of the RNA duplexes for transcription. 

Therefore, it is possible that a change in its conformation occurs while providing enzymatic 

activity yet maintaining its structural role during transcription. This change in state rnay be 

responsible for the difference in the observed peptide digest profiles for 11. 

One important issue to address is whether the order of peptides seen in transcribing 

cores are simply the result of a slower digestion rate due to mRNA interference. The answer 

to this is no, as close inspection of the peptides reveals that such a situation is not possible. 

Had mRNA interfered in some way with digestion, i-e. by covering and hence protecting 

extemal surfaces ofthe protein, then one would see a decrease in the peptides observed when 

in fact there are actually more initial peptides identified in transcnbing than in non-transcribing 

cores, which have no mRNA- 

These of experiments descnbe a virus that is dynarnically intact which undergoes 

conformational changes at the virion and core level while maintaining integrity of the particle. 
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It remains to be seen whether these conformational changes are reversible or if the virion or 

core particle becomes loc ked int O place once morp hoIogically changed. Based on evidence 

f?om other vinises, chances are that reovirus is capable offluctuating between dinerent States 

and that changes in conformation are reversible. The fact that a certain levei of flexibiîity 

exists in proteins, and that they are able to undergo a change in state while p r e s e ~ n g  their 

structure, supports this probability (Fernandes et al,, 1994; Shepard et al.. 1995; Bothner et 

al., 1998; Lewis et aL, 1998a; Phimey et a/. , 2000). Mass spectrornetrk analyses of virions 

and cores exposed to an environment that would induce a conformational shift and then 

brought back to original conditions would lay this issue to rest- 

4.5. Future directions. 

The experiments described here oniy begin to scratch the surface of what remains to 

be explored. It is usefbl to employ various techniques and methodologies to understand a 

protein's characteristics, whether examining its fùnctionality or its structurai aspects. No 

single method can stand alone when attempting to provide an in-depth analysis of a protein 

or proteins. It is imperative that methodologies are brought together as each wiil have 

something dserent to offer. Combined contributions are what solidi@ theories and allow for 

hypothesis testing. 

The studies outlined in this work bnng together old and new methodologies to 

characterise and fiirther our understanding of reovirus proteins. The use of temperature 

sensitive mutants have long proven successfiil in relating functionality to a protein. To study 

the imer capsid protein A3, tsD357 and tsG453 were looked at more closely. Identification 

of a phenotypic difference in transcriptase activities within these mutants helps to understand 
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the protein in question- In tsD3 57, sequencing ofthe ts iesion bearing gene, L 1, has identified 

three mutations; one of which is proposed to be the significant factor responsible for 

conferring increased enrymatic stability. This mutation, although beneficiai for transcription, 

can at the sarne t h e  be detrimental to the virion's life cycle within the ceL Therefore it is 

evidently possible that a single mutation, falling in the highly conserved catalyticdy active 

region of the RdRp, can both positively and negatively affects an enzyme's capabilities. 

On the other hand, tG453 appears to be a double mutant in that there are possibly 

two lesion affected genes, LI and S4, in which only one of them, S4, is responsible for 

conferring temperature sensitivity. The tsG453 story is far from complete. As heat- 

inactivation experiments have revealed a weak interaction between the outer capsid protein 

~3 and the underlying protein p 1, analysis by mass spectrometry would help identify how the 

structure and interaction have been affected. Mass spectrometry has been used in other 

viruses to identïfjt mutant strains of a virus (Lewis et a?., 1998b) and the effécts of point 

mutations (Lewis et al., 1998c) and would serve to benefit reovirus ts mutant studies. 

Secondly, the reassortant panel used to identiQ the transcriptase phenotype must be extended 

to confirm that the L1 gene is phenotypically responsible. Sequencing of the gene wiii aliow 

one to predict what protein secondary changes have occurred and what they mean. 

Applying mass spectrometnc analysis to vinons and cores have revealed an abundant 

amount of information and has provided strong evidence to post-translational modincation 

of 03,  orientation of proteins, and conformational changes. These experiments can be 

extended by examining digestion of T3D virions and drawing cornparisons between the two 

strains. In fact, examining any strain will help imrnediately identify whether they are 

structurally distinct- 



Past data have suggested a defined cascade of proteoIytic digestion of o3 degradation 

leading to the virion-to-ISVP transition (Miller & Samuel 1992; Virgin et aL, 1994; Shepard 

et al. 1995). It is also believed that this digestion is necessary to dlow the underlying p l  

proteins to assist reovirus particle penetration of the cellular membrane (Nibert & Fields 

1992; Lucia-Jandris et al.. 1993; Tosteson et al., 1993; Hazelton & Coombs 1995; Hooper 

& Fields 1996). Virions, with the absence of proteases in the ce11 media, are able to stU infect 

celi cultures, offenng counter evidence that a3 must be digested extraceiIularly. However, 

03 digestion does occur within lysosomes. It is ~ i th in  the lysosomes that perhaps the role 

of p 1 -membrane interactions become important. However, virions must be digested 

completely to core particles to allow for transcription to occur, questioning the necessary role 

of pl. Conceivably p 1 initiates membrane interactions that wiU facilitate core release prior 

to further digestion of the core particle itself. It would be important to localize what regions 

of 03 must be lost prior to membrane penetration mediated by p 1. Using tightly controlled 

lirnited proteolysis and mass spectrometry, such questions can and will be answered in the 

fùture. 

Furthemore, one can isolate the A3 protein fiom TlL, 'MD, and the two ts mutants 

studied by gel extraction and then cany out mass spectrometric analysis on them. Such 

expenments wiil help elucidate structural properties of the enzyme. However, one must take 

into consideration that the isolated protein may be denatured and not truly representative of 

its state in vivo. 

Mass spectrometry analyses with the use of relevant cellular proteases such as 

cathepsins, which are present in lysosomes, would also shed new light to their fundion and 

how digestion actually proceeds during the entry portion of the reovirus life cycle. Such 
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evidence and the evidence provided here have helped fùrther our knowledge of reoWus 

protein structure and function. These studies have paved the way for fbture findings. 

Comelations f?om these significant findings using reovirus as a mode1 can be applied to help 

further our understanding ofReoviricloe as a whole, of other non-enveloped RNAviruses and 

o f  the general nature of al1 Wuses. 
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