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ABSTRACT

Reovirus is an enteric virus that consists of 10 gene segments of double stranded

RNA which are surroutded by two concentric protein capsids. These two capsids are

composed of eight structural proteins. In order to become internalized, virus proteins in

the outer capsid must go through conformational changes. Exposure to an acid

environment and proteolysis facilitates these structural alterations required for viral entry

and produces two distinct structural forms called "ISVP" and "core". The transitions

from virus to ISVP and from ISVP to core appear to be multistep processes and are not

fully delineated. To become internalized reovirus outer capsid protein o'3 must be

cleaved. o'3 cleavage subsequently activates ¡r1, the protein believed to be responsible for

penetration of the virus through the host cell membrane. In susceptible host cells E64 and

acidification inhibitors restrain reovirus uncoating and block infection by virions but

infection with in vitro generated ISVPs is not inhibited. In this study some of the earliest

o'3 cleavage events are identified which enabled T1L particle to grow in presence of E64,

a specific inhibitor of cystein proteases and NHaCI or chloroquine, acidification

inhibitors. I found that critical determinant in reovirus uncoating which enables entry and

leads to productive infection is cleavage of o3 structural protein and that there is a

threshold of how much o3 needs to be digested before reoviral particle is able to grow in
I

presence of inhibitors. Newly identified "eaÍlt'' intermediate TlL viral particles are able

to grow in presence of the mentioned inhibitors even though not all o3 is digested and

removed from the outer capsid. Novel "eatly" particles identified in this study had

uncleaved p,ll¡tlC and some of the full length and peptide fragments of o3 present in the



outer capsid but were able to bypass blockade by 864, N¡I4CI and chloroquine. In

addition, E64 infectivity experiments of digests produced by a-chymotrypsin in presence

of 14SO¿ show that virus-detergent micelle do not mimic early phases of the ¡úl¡tlC-

phospholipid membrane interaction. Immunoprecipiation experiments confirmed that

observed infectivity in the presence of inhibitors of intermediate particles that lie part-

way between virions and ISVPs is not due to presence of subpopulation of ISVPs in the

digests. o3-specific monoclonal antibodies also provided evidence for reversible o,3

protein conformational changes in generated intermediate particles along the virus-ISVP

uncoating pathway.

In addition, data from this study show that presence of alkyl detergent 14SO4

could not block pll¡tlC cleavage when proteolysis is done by trypsin. Instead accelerated

cleavage of both of the outer capsid proteins, o'3 and pl/plC is seen. MALDI eqTOF

mass spectrometry analysis of trypsin digestion in presence of l4SOa showed that

pl/plC fragment cleavage precedes o'3 cleavage, the same as when 14SO¿ is absent.

These results offer conclusive evidence that even with presence of o'3 and without

activation of underlying pl, viral particles are able to behave functionally as ISVPs,

demonstrating the key role of o'3 in determining the different particle behaviors.



1. INTRODUCTION

1.1. Mammalian reovirus

Reoviruses are ubiquitous- viruses in their geographic distribution and host range,

remarkably stable and räatively resistant to treatments with organic solvents, detergents,

extreme pH values and high temperature (Sabin t959; Gomatos et al., 1962; Wallis et al.,

1964; Drayna and Fields T982b; Tyler 2001). Virus can be isolated from a variety of

fresh-and salt water sources, consistent with their pervasiveness and predominantly

enteric route of infection (Matsuura et al., 1993). Reoviruses have been isolated from a

wide variety of mammalian species including humans (Rosen 1962). In humans, the

viruses are still considered "orphan viruses" as they have not been definitely linked to

disease, although they have been associated with diarrheal illnesses, upper respiratory

infections, hepatobiliary disease, including billiary atresia, and rare cases of central

nervous system (CNS) infection (Clarke and Tyler 2003). The name reovirus was

introduced in 1959 when Sabin proposed that these viruses should be included in a new

group of respiratory and enteric viruses for which he coined the name "reovirus" (for

respiratory enteric orphan viruses), emphasizing the fact that these viruses were isolated

from the respiratory and enteric tracts and not associated with any known disease (Sabin

1959). Reovirus is the prototypic member of the virus family Reoviridae and is a member

of the genus Orthoreovirus (van Regenmortel et al., 2000). The majority of identified

reoviruses are non pathogenic in humans, with the exception of immunocompromised

patients; however, Rotaviruses are responsible for alarge number of viral induced deaths,

primarily in children, and represent large health problem especially in underdeveloped

world (Lew et al., 1990; Offit 1994). Reoviruses, poor pathogenecity in humans and



preferential growth in transformed cells with activated -Ras, has led to their development

as oncolytic agents for treatment of tumors (Strong et al., 1993). Because mammalian

reoviruses are safe, well charactenzed and easy to grow in culture, they represent a useful

tool for studying non-enveloped viral entry and pathogenesis as all of the non-enveloped

viruses likely use similar mechanism.

1.2. Virion structure

Characteristics shared by members of the Reoviridae family include a

nonenveloped particle consisting of segmented double-stranded (ds) RNA genome

surrounded by two or three concentric proteinaceous capsids (van Regenmortel et al.,

2000). Mammalian reovirus has 10 gene segments of linear dsRNA and two layered,

concentric icosahedral capsids (Figure 1). Togetherthese 10 gene segments encode eight

different structural proteins and three non-structural proteins (Both et al., 1975; McCrae

and Joklik 1978). Genome segments are divided into three classes according to their size.

There are three large (Ll, L2,L3) segments of 3.8-3.9 kilobase pairs (kbp), three medium

(M1, M2, M3) segments of 2.2-2.3 kbp and four small (S1, 52, 53, 54) segments of 1r2-

1.5 kbp (Shatkin et aI., i968; McCrae and Joklik 1978; Mustoe et al., 1978). Each

genome segment has a dimethylated cap I structure and consensus GCUA tetranucleotide

at the 5' end, a consensus UCAUC pentanucleotide at the 3' end (plus-sense strand), and

lack a 3'poly'(A) tail. Each gene also has short non-translated regions (NTRs) at both

ends of the gene and the NTRs are believed to contain signals for genomic transcription,

replication and sorting of individual progeny genes to assemble complete genomes





Figure 1. Mammalian reovirus genome, proteins and structure.

A. Cartoon representation of the genome and proteins (on the extreme left) and on the

right is the typical SDS-PAGE (top part shows genome and underneath is shown protein

composition of a particplar particle). The genome consists of ten dsRNA segments that

are clustered into three groups: L (large) genes, the M (medium) genes, and the S (small)

genes which encode eight different structural proteins. The virus has all of the eight

structural proteins. ISVPs have o3 and pl cleaved. ô and Q are cleavage products of pl

generated during proteolysis of virions and are present in ISVPs only (Nibert and Fields

1992). Cores have only five structural proteins (À1, ),"2, )"3, ¡û, a2). B. Schematic

representation (on the top) of the three reoviral morphological forms: virion, ISVP and

core. Proteins in outer and inner capsid are color coded to match the proteins resolved in

the cartoon protein SDS-PAGE (see A.). The bottom part shows real electron

micrographs of the virus, ISVP and core.



(Coombs 2002). All of the gene segments contain a single open reading frame (ORF) and

encode a single protein, except for the S1 which is bicistronic; that is, one gene encodes

two proteins Qrlagata et al., 1984; Ernst and Shatkin 1985; Jacobs and Samuel 1985).

Because reovirus contai{r-S a segmented genome, coinfection of cells with different strains

of reovirus results in the generation of progeny viruses containing various combinations

of genome segments from each parental strain (Virgin et al., 1997). Progeny from such a

genetic cross are termed reassortant viruses. A phenotypic difference between two

parental strains can be mapped genetically by screening reassortant viruses in appropriate

assays and correlating expression of the phenotype with a specific parental genome

segment. This property makes reovirus uniquely suited for studies of viral determinants

of cell tropism and pathogenesis (Stewart et al., 2003). Reovirus capsid is constructed

from eight structural proteins arranged as two concentric layers; an outer capsid that

surrounds an inner capsid "core" (reviewed in Nibert and Schiff 2001).

Three strucfural proteins comprise the outer capsid; o1 (36 copies) which is cell

attachment protein, pl (600 copies) major outer capsid protein involved in penetration

into cells, and o'3 (600 copies) also, major outer capsid protein in close apposition to

capsid protein pl (Weiner et al., 1980b; Lee et al., 198lb; Strong et al., l99l; Dryden et

a1.,1993; Larson et al., 1994). The prl protein undergoes proteolysis, resulting in the ¡r1C

fragment. Both protein ¡r1, and its cleavage product ¡rlC (in TIL up to approximately

60o/o of prl is present in the form of plC), are present within virions (Nibert et al., 2005).

The outer capsid contains information required for cell recognition and entry. The inner

core, which is the transcriptionally active structure that produces progeny capped and

methylated messenger RNA (mRNA) from genomic dsRNA, is comprised of three major



proteins ),'I (120 copies), )'2 (60 copies), o-2 (150 copies), and two minor proteins 7'3 (12

copies) and ¡û (20 copies) (Smith et al., 1969; Luftig et al., 1972;; Dryden et al.,1993;

Coombs 1998; Reinisch et al., 2000). The Àl protein is the major core protein and forms

dimers which assemble'into the basic core structure and the remaining four proteins are

built on top and around these 1,1 dimers (Kim et a1.,2002). The 11 protein has a number

of activities which play important roles in aiding the transcriptional activity of the core

particle. Several studies have demonstrated that the 1"1 protein has ATPase activity, is a

zinc metalloprotein and is able to bind dsRNA but the function of this protein is still not

completely characterized (Lemay and Danis 1994; Bisaillon et al., 1997). The )'2 protein

forms pentamer turret-like projections at each of the fivefold axes of the core particle and

it is believed that plays a role in outer capsid assembly (Morgan and Zweemik 1974;

Mustoe et al., t978). Studies also show that 7u2 protein has guanyltransferase and

methyltransferase activity (Shatkin 1974; Cleveland et al., 1986). The reovirus RdRp

(RNA-dependent RNA polymerase) is the À3 protein and the putative cofactor is the ¡r2

protein (Dralma and Fields 1982a; Vy'iener et al., 1989; Starnes and Joklik 1993; Yin et

al., 7996). The o2 protein is a major component of the core capsid and interacts with the

other major capsid component, À1, to form the core shell (Reinisch et a1.,2000). Further

studies into the structure and function of the a2 arc required to better delineate its role

within the coreparticle.

1.3. Reovirus morphological forms

Entry of reovirus into cells is accompanied by significant alterations in the virus

outer capsid, which results in the generation of an Infectious (or Intermediate) Subviral



Particle (ISVP) and further uncoating intracellularly yields cores. These subvirion

particles differ in protein content, in the conformation of certain proteins, and in other

physicochemical and biological properties (Table 1). While the virion has a full

complement of outer capsid protèins, in the ISVP, there is loss of o3, carboxy-terminal

endoproteolytic cleavage of ¡rl to produce two peptides named ô and $, and extension of

o1 outwards, possibly to facilitate cell attachment (Smith et a1.,I969; Joklik 7972;Borsa

et al., 1973; Furlong et a1.,1988; Neutra et a1.,1996). There is a difference between TlL

and T3D virion digestion because the T3D ol molecule is cleaved by proteolysis which

subsequently reduces its infectivity (Nibert et al., 1995). Further proteolytic processing

produces cores which have lost pl and o1 proteins, and )'2 has gone through

conformational change (Dryden et al., 1993). ISVPs may be formed extracellularly via

proteolysis of the virion by proteases such as pepsin in the stomach, or chymotrypsin or

trypsin in the intestinal lumen or intracellularly via proteolysis by acid-dependant

cathepsin cysteine proteinases (Vander et a1.,1994; Sherry et al., 1996; Baer et al., 1997).

Cores and ISVPs can be routinely generated by treating virions with purified proteases in

vitro and they also occur naturally in the course of infection and play specific roles in

both early and later stages of reovirus replication (Joklik 1972). The virion is the

predominant form of particle released from infected cells in culture but when purifying

reovirus virions from infected cells one obtains substantial yields of top component

virions which have nearly an identical complement of proteins as do virions, but are non-

infectious because they lack the genome (Smith et al., 1969). The mechanisms by which

they arise remain unknown (Nibert 1998). These three morphological forms, virions,



Table 1. Characteristics of reovirus particles (see section 1.3.).

Outer capsid proteins
o3
o1
pllplC

Inner capsid proteins

Infectivity in cell culture

lnfectivity in presence of
cysteine protease inhibitor or
agents that rise vesicular pH

Interaction with membrane bilayers

Degraded

Present (extended)
Present as plõ/ô + Q

fragments

Present

++

Present

Present
Present

Present

+

No

Degraded

Absent
Degraded

Present

+

Yes No

10



ISVPs and cores, can be differentiated using cryoelectron microscop¡ electron

microscopy or sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE).

1.4. The reovirus cell entry andlife cycle

ISVPs are infectious but not transcriptionally competent whereas cores are

transcriptionally competent but not infectious, having lost their cell attachment protein.

Under natural circumstances, reoviruses are predominantly respiratory and enteric viruses

and they can infect a wide range of cells in vitro.It is believed that in the respiratory

system, reovirus enters bronchi-associated lymphoid tissue through pulmonary M cells

and spreads to regional lymph nodes (Morin et al., 1994).In the gastrointestinal system

(GIS), normal cells that mammalian reovirus infects in vivo are specialized intestinal

epithelial cells (M cells) that overlie Peyer patches (Wolf et al., 1981). M cells transfer

virions to gut-associated lyrnphocytes, where they spread systemically to various

peripheral organs including brain, kidney, liver and spleen (Wolf et a1.,1981). The first

step in the replication cycle is binding of the virion to susceptible host cells (for an

overview see Figure 2). This is mediated by the viral cell attachment protein o.1 which

binds with one or more cell surface receptors. Several lines of evidence indicate that the

junction adhesion molecule (JAM) is a functional reovirus receptor and sialic acid

appears to be an important component of the receptor(s) (Barton et al., 2}Ola;b). There

have been thrèe reovirus serotypes recognized on the basis of neutralization and

hemagglutination profiles. Each is represented by a prototype strain, type I Lang (TlL),

type 2 Jones (T2J), and t1,pe 3 Dearing (T3D) which differ primarily in o1 sequence

(Nibert et a1.,1990). o'1 protein is encoded from the least conserved gene amongst

11





Figure 2. Mammalian reovirus life cycle.

(1) Binding: virions or ISVPs (generated extracellularly through proteolytic digestion)

must first attach to the receptor on a host cell. (2) Entry: after attachment virion is

internalized via receptoçmediated endocytosis. (3) ISVPs can enter the host cell either

via receptor mediated endocytosis or they can directly penetrate the cell membrane (3a).

(4) Uncoating: when endosomes carrying viral particles or ISVPs fuse with lysosomes,

under acidic conditions and lysosomal proteases, viral outer capsid is removed and

subsequently cores are released into the cytoplasm. (5) Cores initiate primary

transcription to generate capped mRNA. (6) Nascent transcripts are translated by host

cellular ribosomes to produce viral proteins. (7) kritially only four of ten dsRNA genes

are transcribed and translated into four proteins 1.3, pNS, o'NS, o3. These first four

proteins by unknown means promote transcription of all 10 genes. (8) The 10 mRNA

from viral genome are translated to produce the full complement of viral proteins. Steps

(9), (10), (11), (12), (13), (14) show primary and secondary transcription, assortment and

assembly to generate progeny virions. (15) Newly formed virions are released through

cell lysis by a mechanism incompletely understood. This figure was adapted from

"Reoviruses" (Coomb s 2002).

13



reovrrus, conserved as little as 260/0 between some serotypes (Duncan et al., 1990).

Reovirus serotypes differ in the route of spread in the host and the CNS sites targeted for

infection. TlL reovirus strain spreads by hematogenous routes to CNS whereas T3D

spreads by neuronal routes to CNS and it is believed that these differences are due to

serofype specific pattems of ol interactions with specific cellular receptor(s) (Weiner et

al., 1980a; 1997; Tyler et al., 1986; Morrison et al., 1991). Following initial binding,

virus appears to enter cells by either of two mechanisms. First the intact virion may enter

by receptor-mediated endocytosis (clathrin-dependent) and then in the endocytic

compartment, the viral outer capsid is removed by acid-dependant proteases, resulting in

generation of infectious subvirion particles-ISVPs (Borsa et al., 1979; l98l; Rubin et al.,

1992). Second, the ISVP, which can be generated extracellularly within the lumen of the

small intestine, may enter by receptor-mediated endocytosis (clathrin-dependent) or by

directly penetrating the cell membrane. It has been show that ín vitro generated ISVPs

have unique biological activities. These ISVPs can perturb cellular membranes in assays

designed to measure slCr release or pass through artificial planar bilayers, whereas intact

virions and core particles are not functional in these assays (Lucia-Jandris et al., 1993;

Tosteson et al., 1993). These results suggest that in vivo generated ISVP particles formed

inside the intestinal lumen may be capable of penetrating intestinal M cells directly at the

plasma membrane. It is believed that the acid-dependant proteolytic digestion of intact

reovirions is dn essential step in the replication cycle in mouse L929 fbroblasts, since

treatment of cells with reagents that raise intracellular pH or block proteolysis, effectively

inhibit replication (Sturzenbecker et a1.,1987). This block can be overcome by infecting

cells with ISVPs prepared by in vitro proteolysis (Sturzenbecker et a1.,1987; Dermody et

t4



al., 1993). Studies with the protease inhibitor, E64, which irreversibly blocks lysosomal

cysteine proteases, show that infection with ISVP can bypass the lysosmal block but not

infection with intact reovirions and core particles (Baer and Dermody 1997). Removal of

the outer capsid protei4. o'3 appears to be a prerequisite for entry into the cells (Jané-

Valbuena et a1.,2002). This results in exposure of hydrophobic domains of pll¡rlC that

appear. capable of interacting with membranes to mediate entry, and in proteolytic

processing of ¡-rli¡rlC to generate ð and $. pllplC, exposed by o'3 removal, provides the

N-terminus of the precursor molecule, pl, which is modifîed by addition of the Cl4 fatty

acid myristate (Nibert et al., 1991b). This modification is believed to play a role in the

ability of ¡rl/plN to interact with the cell membrane during viral penetration into the

cytoplasm. However, proteolytic processing of plC per se does not appear to be

necessary for entry because detergent-plus-protease ISVP (dpISVP) particles that lacked

o3 and had ¡rll¡rlC in uncleaved form still retained full infectivity (Chandran and Nibert

1998; Chandran et a1.,1999). Thus, these findings provided evidence that the cleavage of

pllplC at the ô-Q junction during viral entry is dispensable in the early stages of reovirus

infection. After entry into the cytosol, the remaining outer capsid proteins are removed,

and the À2 pentamers undergo a dramatic conformational change that opens the 7,"2

channels further (Dryden et a1.,1993). Both alterations are necessary for activation of the

viral transcriptase (RdRp) The resulting core particle constitutes the final stage of

uncoating, and such particles persist through the remainder of the viral replicative cycle.

The RdRp produces 5' capped, non-polyadenylated mRNA from each gene segment

during primary transcription (Faust et al., 1975). The newly formed viral mRNA

molecules are translated by the host ribosomes into proteins which than associate with
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primary mRNA transcripts into full complements of genes and structural proteins without

the outer capsid and the ),"2 core protein. The packaged mRNA transcripts serve as

templates for the minus-strand synthesis by the RdRp to complete the dsRNA genome.

Packaged particles that,pontain dsRNA then serve for a secondary transcription process

by which a majority of the mRNA transcripts are produc ed (Zweennk et al., 1972).

Finally, assembled virions are released from infected cells by means of cell lysis.

1.5. The o3 protein

The o3 protein (41kDa, 365 amino acids) is encoded by 54 genome segment; it is

present in 600 copies and forms the bulk of the virion outer capsid where it interacts and

complexes in a 1:1 ratio with ¡"rl (Smith etal.,\969; Lee et a1.,I981a; Coombs 1998). It

also interacts with protein ì"2 and perhaps also with o'1 (Furlong et al., 1988; Metcalf et

al., 1991;Dryden et al 1993). Genetic and recoating studies indicate that o3 mayplay a

role in stabilizing virions for survival in environment(s) outside cells (Drayna and Fields

1982c; Jané-Valbuena et al., 1999). Studies with cultured cell lines have shown that o'3

processing is necessary for productive infection. Vy'hen added to the culture medium,

ammonium chloride (NH4CÐ (a weak base that raises the lysosomal pH, reducing activity

of acid-dependent proteases such as cathepsins L and B) or 864 (a cysteine-protease

specific inhibitor) completely abrogates infection by virions, but not ISVPs (Canning and

Fields 1983; Nibert et al., l99la; Baer and Dermody 1997; Golden et a1.,2004). Also,

reconstitution of the o'3 coat on ISVPs by recoating them with recombinant o3

completely blocks their capacity to initiate infection in the presence of NH¿CI or E64

(Jané-Valbuena et al., 1999).It has been shown that eff,rciency of reovirus outer capsid
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proteolysis is a critical determinant of cellular host range and the addition of proteases to

the culture medium promotes viral growth in cells that restrict infection, which suggests

that o3 cleavage facilitates infection in some restricted cells (Golden et al., 2002). Thus,

the o'3 protein must be,removed-from virions, by proteolysis in the natural setting, for

infection of cells to proceed beyond the steps of receptor binding and endocytic uptake

and trafficking. The presence of o3 on the virion surface is believed to prevent pll¡rlC

from undergoing conformational changes needed for membrane penetration and to

prevent pl/¡ilC from engaging in those changes prematurely, but the molecular

mechanisms by which o3 maintains ¡r1 in an inactive state, are not well understood. Time

course digestions with different proteases show that o3 is selectively cut initially within a

"h¡rpersensitive" region (Jané-Valbuena et a1.,2002; Mendez et al., 2003). There are two

regions of high protease sensitivity located at amino acids 208 to 214 and 238 to 244 as

an early step in processing (Jané-Valbuena et a1.,2002). However, further processing of

o'3 is required for infection which is consistent with the fact that the fragments resulting

from these early cleavages remained bound to the particles (Jané -Valbuena et a1.,2002).

It appears that TIL and T3D virions differ in the sites and rates of early cleavage. TlL o'3

is cleaved mainly between amino acid residues 238 and 244 and faster than T3D

cleavage, whereas T3D o'3 is mainly cleaved between residues 208 to 214 and slower

than TIL (Jaqé -Valbuena et al., 2002). Both cryoelectron microscopy and image

reconstructions of virions and ISVPs, a4d crystal structure of soluble ¡^r1-o'3

heterohexamers, indicate that the 600 copies of pl in virions and ISVPs are organized as

200 trimers, much of the surfaces of which are directly covered by o3 monomers

(Liemann et al., 2002). Cleavage of o3 is a multistep process, and how much of it needs
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to be cleaved for the particle to become intemalized, is still unknown. Molecular studies

using tn vitro translated protein reveal that newly translated o3 undergoes a

conformational change upon association with ¡r1 that converts it from a protease resistant

form to a protease sensitive form lSfrepard et al., 1995). The o3 protein is also a zinc

metalloprotein in virions and biochemical studies reveal that o3 binds dsRNA in a

sequence-independent manner. This activity has been localized to a carboxy-terminal

region of o3 between residues 234 and 297 (Schiff et al., 1988; Miller and Samuel 1992;

Schiff 1998). The dsRNA binding activity is eliminated upon association with prl

(Tillotson and Shatkin 1992). Recent reports have shown an acetyl group at the N-

terminus of o3 but the function of this group is unknown (Jané -Valbuena et a1.,2002;

Mendez et al., 2003). Based on the roles of other acetylated molecules, it may serve to

provide structural stability or to promote protein complex assembly (Cumberlidge and

Isono 1979; Nguyen et a1.,2000). Another possibility is that the acetylation of o"3 N-

terminus may be required to differentiate the roles this protein has during the virus life

cycle (Polevoda and Sherman 2000).

1.6. The pl protein

Outer capsid protein pl (76kDa, 708 amino acids) is the major outer capsid protein

and is encoded by the M2 genome segment (Smith et al., 1969).It is also present in 600

copieq (same as o'3) in the outer capsid where it forms 1:1 complexes with o3 protein

(Coombs 1998). Important biochemical features of this protein are its amino-terminal

modification and proteolytic processing. When reovirus virions are analyzed by SDS-

PAGE, the pl protein, appears in the form of two fragments, plN (N-terminal fragment,
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4kDa) and plC (C-terminal fragment, T2l<Da) (Zweernik and Joklik 1970; Cross and

Fields 1976; Lee et al., 1981a). Earlier immunoprecipitation and transfection studies

showed that only pl that is complexed with o3 will be present in the form of ¡r1C (Lee et

al., 198la; Tillotson and Shatkii tggZ). However, recently published data indicate that

<r3 plays little or no direct role in the portion of ¡rlN/plC (or plN/ô) cleavage that

accompanies disassembly during preparation for electrophoresis, which suggests that this

cleavage is autocatalytic (Nibert et à1., 2005). Novel studies indicate that this

autocatalytic cleavage into small, N-terminal and a large C-terminal fragments happens

before or during membrane penetration but not necessarily as a step in assembly

(Odegard et al., 2004). The amino-terminal fragment, ¡rlN, like amino terminus of

precursor molecule, pl, is modified by addition of the Cl4 fatty acid myristate (Nibert et

al., 1991b). Addition of fatty acid side groups increases hydrophobicity and it has been

hypothesized that this modification presumably facilitates the interaction of p1lplN with

the cell membrane during viral penetration into cytoplasm (Hruby and Frankie 1993).

Mutant pl molecules which are not myristoylated also fail to form stable complexes with

o3, supporting the hypothesis that o3-p1 association is a prerequisite for ¡r1 cleavage

(Tillotson and Shatkin 1992). During early stages of viral entry, intracellularly or

extracellularly, Fl and plC undergo a carboxy-terminal proteolytic cleavage event and

similar cleavage occurs when virions are digested in vitro with chymotrypsin or trypsin,

respectively (Nibert and Fields 1992). Fragments resulting from this cleavage have been

referred to as ô (59kDa N-terminal fragment) and $ (13kDa C-terminal fragment). These

peptides are present in stoichiometric amounts (proportionally there is same amount of ô

and $ compared to p|l¡rlC) and they remain particle associated with the ISVP like ¡rlN
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(Nibert et al., l99la; Nibert and Fields 1992). A recent study showed that pl cleavage

(between Asn¿z and Proa3) to yield plN and plC is not required for outer capsid

assembly but contributed greatly to the infectivity of the assembled particles (Odegard et

a1.,2004.). A point mutation in pl, where an asparagine at position 42 was substituted

with alanine, prevents ¡rlN/plC cleavage (Odegard et al., 2004.). Autolytic capsid

proteins from several other nonenveloped animal viruses (for example polio-, rhino-, and

other picornaviruses) also require an asparagine at the cleavage site, suggesting that this

particular amino acid plays a key role in the cleavage mechanisms (Ansardi et al., 1993;

Lee et al., 1993; reviewed in Johnson 1996). ISVPs are thought to be required for two

early steps in reovirus infection: membrane penetration and activation of the particle-

bound viral transcriptase complexes. But proteolytic cleavage of intact virion particles

with a-chymotrypsin and sodium-tetradecy sulfate (14SO4) produces subvirion particles

that lacked o3 yet retained ¡tI/¡:,IC in an uncleaved form (Chandran and Nibert 1998).

The alkyl sulfates enhance protease sensitivity of o3 but in contrast the cleavage of

pliplC to ô and $ is completely but reversibly blocked. A proposed model suggests that

detergent micelles bind viral outer capsid and block pl/plC cleavage either by directly

excluding protease molecules from their recognition sites or by eliciting conformational

changes in the outer capsid that render these sites inaccessible to protease (Chandran and

Nibert 1998). lnfections with these particles showed that the cleavage of pl/plC during

entry into the cells is dispensable for reovirus infection. These particles also behaved like

ISVPs in their ability to permeabilize lipid bilayers and undergo transcriptase activation

in vitro which again supports the idea that cleavage of pliplC to ô and $ during viral

entry is not required for membrane penetration or transcriptase activation in the cells
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(Chandran and Nibert 1998). Since endolytic cleavage of pl at the ô-Q junction during

conversion of virions to ISVP appears to play no role in priming ¡r1, it has been

suggested that o'3 degradation plays the primary role in this process. Examination of the

recently determined crystal structure of the (¡r1)3/(o3)3 heterohexamer reveals that each

o'3 monomer interacts extensively with two adjacent subunits in the pl trimer (Liemann

et a1.,2002). Thus, it has been proposed that o3 may function as a molecular clamp,

inhibiting the conformational freedom of individual ¡rl subunits within the trimer

(Chandran et al., 2002). Mass spectrometry analysis of virions treated with trypsin show

that ¡rl digestion precedes o3 proteolysis. This initial digestion of approximately 8 amino

acids from the C-terminus of pl may be a prerequisite for reovirus uncoating and

membrane penetration but the significance of this cleavage remains unclear (Mendez et

a1.,2003). However, it suggests that the C-terminus of pl is accessible to trypsin and

hence may be exposed on the surface of the virion, consistent with earlier studies that

also showed monoclonal antibodies directed against pl react with intact virion (Hayes et

a1., 1981, Virgin et al., 1994).

1.7. Objectives of this study

As indicated earlier, the means by which non-enveloped viruses enter cells and

precise molecular switches that determine functional alterations during virus

internalization are still not known. Mammalian reovirus ¡naintains high structural

stability during the extracellular portions of its replicative cycle, yet has other stages

significantly dynamic in its life cycle; for example cell attachment, uncoating, and

transcription. Reovirus exists in three morphological forms with different functional
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properties and purposes during replication and production of new virions (see section 1.3.

and Table 1). The protein changes that happen during the transition between different

morphological forms are complicated and still not very well delineated. The focus of this

study is to better underslq4d the structural and conformational changes in the outer capsid

proteins during reovirus uncoating which are required for infectivity and entry into

susceptible host cells. It is believed that these changes are facilitated by acidic pH and

proteolytic digestion by acid-dependent proteases. In order to capture early intermediates

and show step by step processing of reovirus uncoating, low enzyme time course

digestions were performed, in the presence and absence of the alkyl detergent 14SOa. The

l4SO4 detergent was used because it accelerates o3 cleavage but at the same time blocks

¡tllplC digestion (Chandran and Nibert 1998), which enables separation of o'3 cleavage

events from ¡rliplC cleavage events. Subsequently, infectivity experiments with each of

these digested particles were performed in the presence or absence of different

acidification or proteolysis inhibitors to correlate these gradual protein structural changes

during reovirus uncoating with specific functional changes. kritial proteolysis of o'3

occurs within a "h¡rpersensitive" region and proceeds further bidirectionally towards both

the N-terminus and C-terminus (Mendez et al., 2003). Because of rapid o3 removal from

the outer capsid, it has been difficult to characterize multiple alterations within this

protein and correlate them with functional changes. Thus, this study was designed to

show gradual o3 proteolysis and to associate structural changes of this protein with

accompanying functional alterations. Data from this study indicate that o'3 digestion is a

crucial factor which plays a key role in reovirus ability to grow in presence of cysteine

protease or acidification inhibitors. Not all of the o3 needs to be removed in order for

22



particles to be internalized and there is a specific o'3 cleavage threshold required for

reovirus entry. For example, the particles digested with proteases in absence or presence

of detergent showed that approximately 600/o to 70%o of full length o3 needs to be

digested for particles to start giowing in L929 cell culture treated with irreversible

cathepsine protease inhibitor, F;64. Data from this study are also consistent and

comPlementary to previous findings and demonstrate negligible role of p1l¡r1C cleavage

in determining particle behavior. In addition, acquired experimental data also indicate

that alkyl detergent does not mimic pl-phospholipid membrane interaction which

excludes the possibility that 14SO¿ detergent helps reovirus entry into the host cell. When

alkyl detergent, 14SO4 wâs used in trypsin digestion reactions, it did not block the

p'll¡tlC cleavage like a-chymotrypsin digestion reactions. However, similarly to a-

chymotrypsin-detergent reactions, accelerated o'3 cleavage was seen with trypsin-

detergent digestion. To examine the possible existence of conformational changes in the

outer capsid proteins due to detergent, time limited trypsin proteolysis in presence of

14SO4 in conjunction with mass spectrometric analysis was performed. Mass

spectrometric results confirmed accelerated cleavage of o'3 and pl with similar time-

dependent peptide appearance. In order to rule out the possibility of having the presence

of an ISVP subpopulation in digests produced by a-chymotrypsin proteolysis in presence

of 14SO¿, immunoprecipitation experiments were done. Combined data from infectivity

experiments and immunoprecipitation reactions indicate that growth of a novel "early''

intermediate particle in the presence of inhibitors is not due to presence of an ISVP

subpopulation. Immunoprecipitation results also show that outer capsid protein o3 goes

through reversible conformational changes. Taken together, these data support the idea
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of reovirus step wise uncoating and protein re¿urangements with emphasis that a specific

threshold of o3 cleavage has to be achieved before the viral particle is capable of

becoming internalized and capable of subsequent multiplication.
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2. MATERIALS AND METHODS

2.1. Stock cells and viruses

Spinner-aduËt"d mouse fibroblast L929 cells were grown in suspension

culture at a density of 4.5 - 5.0 x l0scells/ml in Joklik's modified minimal essential

medium (MEM) (Gibco, Grand Island, NY) supplemented with 2.5%o fetal calf serum

(FCS) (lntergen, Purchase, NY), 2.5% agammaglobulin-neonate bovine viable senrm

protein (VSP) (Biocell, Carson, CA) and 2mM l-glutamine. The L929 cells are

continuous cell line derived from transformed epithelial cells and can be subcultured

indef,rnitely. To maintain an optimal density the cells are counted daily on a

haemocytometer using liglrt microscope. In order to lower the concentration of cells to

the optimum level a volume of cells is replaced with fresh supplemented MEM. Tlpe I

Lartg (TlL) and t¡pe 3 Dearing (T3D) are laboratory stocks. Viral infections were carried

out either in monolayer (grown in the presence of 5o/o COz at37'C) or suspension (grown

at 33.5oC) supplemented with 100U/ml of penicillin, 1O0¡rg/ml streptomycin sulfate and

1O0pg/ml amphotericin-B as previously described (Coombs et al., 1994).

2.2. Virus passaging and plaque assay

2.2,1. Virus passaging

Reovirus wild type stocks were amplified through two or three passaggs in mouse

fibroblast L929 cells in MEM supplemented as described above. Cells were diluted to 4-5

x lOscells/ml and incubated overnight for infection the next day or cells were diluted to 8

x l0scells/ml and incubated for infection 1 to 2 hours. Cells were grown inT25 (volume

25



up to 5ml) Corning flasks (Fisher, Nepean, ON) until they reached90% confluency. The

media was removed, saving some as "pre-adapted" media and cells were infected with

0.5m1 of Po stock. The virus was allowed to adsorb to the cell monolayer for I hour at

room temperature with periodic rocking every l0 - 12 minutes. After adsorption, 4.5m1

of MEM supplemented as described above and with 25o/o pre-adapted media was added

to the flask and the infected monolayer was incubated at 37oC. Cells were examined daily

for cytopathic effect (CPE). V/hen 80 - 90% CPE was observed, flasks were frozen at -

80"C. They were frozen and thawed three times then the Pl cell lysates were collected. A

volume of 0.5m1of Pr stock virus was used to infect T75 (volume up to 15ml) flasks in a

similar manner to generate a larger volume of Pz cell lysate. On day 2 of the infection,

Zl3rds of the media was removed from the T75 and replaced with fresh supplemented

MEM. If further passage of virus (P3) was required, cell monolayers in T75 flasks were

infected at a multiplicity of infection (MOI) between 0.1 and 5. Cells were harvested as

described for Pr cell lysate.

2.2.2. Plaque assay

L929 cells were plated at 4-5 x l0scells/ml onto Corning Costar 6-well (2.5 ml in

each well) cluster dishes (Fisher, Nepean, ON) and incubated overnight at 37oC with 5%

COz to form monolayers. Serial 1:10 dilutions of virus were made in gel saline (137mM

NaCl, 0.2mM CaCl2,0.8mM MgCl2, 19mM IIBO¡, O.lmM NazB+Oz, 0.3%o vtt/vol

gelatin). On day 1, cell monolayèrs were infected in duplicate with 100 pl of each

dilution and virus was allowed to adsorb for I hour with periodic rocking every 10 - 12

minutes. After adsorption, each well was overlaid with 3ml of a 50:50 ratio of 2%o agar
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and 2x Medium 199 supplemented with 2.5Yo FCS, 2.5yo VSP and a final concentration

of 2mM l-glutamine, 100U/ml of penicillin, 1O0¡rg/ml streptomycin sulfate and lO0pg/ml

amphotericin-8. The infections were incubated at 37oC. On day 4 (3 days post infection)

cells were fed with 2mffresh agar/199 (supplemented as above). Cells were stained on

day 7 with a 0.04% neutral red solution (Fisher) (made in a 1:1 ratio of 2x phosphate

buffered saline (PBS-274mM NaCl, 0.6mM KCl, 1.6mM Na2HPO4, 0.2mM KH2POa) to

2o/o agar). Viral plaques were counted 18 -24 hours later and titres calculated.

2.3. Purification of reovirus particles

2.3.1. Virus amplification

To purify large amounts of virus particles, batch infections of lL (or less) were

set up. For a 1 L batch infection, 6.5 x 108 cells were centrifuged at 700rpm for 10

minutes in an IEC refügerated floor centrifuge. The cell pellet was re-suspended in fresh

MEM supplemented as above for virus infections to a final volume of 1 - 2 x l07cells/ml

that included the addition of viral cell lysate. Virus from a Pz or Pr stock was added at a

MOI of 5 plaque forming units per cell (PFU/cell). The virus was allowed to adsorb for I

hour at room temperature with periodic swirling every l0 - 12 minutes. Then the infected

cells were diluted to 6.5 x 1Oscells/ml with 75Yo freshMEM and,25o/o pre-adapted media.

The suspension of infected cells was incubated at 33.5oC for 65 hours. After incubation,

cells were centrifuged at 3,500rpm for 35 minutes in a fixed-angle rotor (JA-10) in a

Beckman RC centrifuge (Beckman, Mississauga, ON). Cells were re-suspended in 12ml

homogenization buffer per lL batch infection (HO Buffer; 10mM Tris, pH 7.4, 250nM

NaCl, 10mM B-mercaptoethanol) and transferred to a 30ml COREX tube and total
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volume was recorded. This mixture could be used immediately for viral purification

frozen at -80oC for later use.

2.3.2. Virus purification ,

Cells in HO Buffer were thawed if frozen and kept on ice throughout. Samples

were sonicated for 10 seconds to disrupt cell membranes and any cell clumps formed

during freezing. Cell membranes were further disrupted with the addition of 1/50th the

sample volume of l0%o sodium desoxycholate (DOC). Samples were vortexed and

incubated on ice for 30 minutes. Virus particles were obtained by organic solvent

extraction with Vertrel XF (1,1,1,2,3,4,4,5,5,5-decafluoropentane) (DuPont Chemicals,

Wilmington, DW), a freon substitute as previously described (Mendez et al., 2000). A

volume of solvent equal to 2/5th of the sample volume was added to the cell suspension

and emulsified by sonication for 30 seconds or more at 35o/o duty cycle with sonicator

probe (Vibra Cell) (Sonics & Materials lnc., Danbury, CN). A second aliquot o12l5th

volume of the same solvent was added and sample re-emulsified before centrifugation at

9,000rpm for 10 minutes in a fixed-angle rotor (JA-20) in a Beckman RC centrifuge. Two

phases were present after centrifugation. The top aqueous layer was collected with a

plastic pipette and transferred to a fresh 30ml COREX tube. The bottom organic layer

was discarded. A second extraction completed by addition of 9/1Oth volume of solvent to

the sample and re-emulsified and re-centrifuged as above. If the collected aqueous phase

remained hazy a third solvent extraction was done. The resultant aqueous phase was

layered onto a pre-formed 1.2 - l. glml cesium chloride gradient made in a SW-28

pollpropylene tube (Beckman lnstruments lnc., Palo Alto, CA). Samples were
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ultracentrifuged for a minimum of 5 hours in a Beckman SW-28 rotor at 25000 rpm.

Purified virus particles formed a band within the gradient that was collected through a

puncture in the bottom of the tube. The density was checked by refractometer (Bausch &

Lomb, USA) then loaded into dialysis tubing for extensive dialysis against dialysis buffer

(D-buffer; 150mM NaCl, 15mM MgCl2, 1OmM Tris, pH 7.4) to remove cesium chloride.

Virus was collected in appropriate storage vessels and stored at 4oC or frozen with 25o/o

glycerol or l\Yo dimethylsulfoxide (DMSO) at -80oC. Before addition of glycerol or

DMSO, the concentration of purified virus particles was measured by W spectroscopy

where 1 OD26s : 2.1 x 1012 particles/ml (Smith et al., 1969). Viability and titre of viral

particles was determined by plaque assay.

2.3.3. Preparation of ISVP

Intermediate subviral particles (ISVPs) were prepared by using either 1x1013

particles per ml of TlL or 3x10r2 particles of T3D per ml in virion storage buffer (D

buffer). Purified virions were digested with 200pg/ml of a-chymotrypsin (Sigma,

Aldrich) at 37'C for one hour. Chymotrypsin digestions were stopped by adding

phenylmethylsulfonyl fluoride (PMSF) (Sigma, Aldrich) to the treatment mixtures (5mM

final concentration) and cooling on ice. Subsequently SDS-PAGE was run for the

confirmation that ISVPs were produced. Viability of ISVPs was determined by plaque

assay.
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2.4. SDS.PAGE

All samples to be resolved by SDS-PAGE contained I x electrophoresis

sample buffer (ESB) (240mM Tris-HCl, pH 6.8, 1.5% dithriothreitol, l% SDS)' For

protein analysis l0% liqçar or 5-l5o/o gradient SDS gels (16w x l}h x 0.lt cm or Mini-

protean@ II system 8.3w x 6.Zh x O.O75t cm) were poured and allowed to polymerize for

t hour for linear (lO%) or overnight for gradient gel (5-15%). Protein samples were

heated to 95oC for 5 minutes before equal numbers of virus particles were loaded.

Resolution was at l80V for t hour for protein separation in Mini-Protean@ II system or

at 15 W for 3 hours for separation of structural proteins using 16 x 12 x 0.1 cm gels.

Protein gels were first fixed in a l0o/o isopropyl alcohol, 30o/o acetic acid solution, then

stained with Coomassie Brilliant Blue (0.5% Coomassie Brilliant Blue solution) and

destained in T5Yo methanol, 7 .5o/o acetíc acid solution. All of these steps were performed

either using conventional staining protocol or MAPS (microwave assisted protein

staining) method (Nesatyy et al., 2002). For all steps in the MAPS method, the gel was

placed in a glass (or plastic) dish and covered with a minimum of 100m1 of the

appropriate solution and than incubated in the microwave oven at 700W for lmin

respectively. Protein bands were visualized by a Gel Doc 2000 (Bio Rad) apparatus and

subsequently gels were dried between layers of cellophane for preservation.

2.5. Densitometric analysis of reovirus structural proteins

Bands in various gels that had been visualized by a Gel Doc 2000 apparatus

were used for subsequent stoichiometric quantification, which was performed with the

program Scion Image Beta 4 (Scion Corporation, Frederick, Md.). In the studies of virion
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proteolysis with different proteases to determine o3 stoichiometry, mean band densities

corresponding to o3 were divided by those corresponding to l" for each interval of

protease treatment.

2.6. Virus proteolysis

2.6.1. Proteolysis without detergent

Stock solutions (1mg/ml) of proteases trypsin (Promega-sequencing grade trypsin)

and cr-chymotrypsin (Sigma Chemical Co) were resuspended in their appropriate

buffers (trypsin resuspension buffer-50mM acetic acid; D-buffer), respectively and stored

at -20oC. Aliquots of virus were digested with proteases within 14 days of having been

dialyzed (if they were kept at 4"C) or they were stored at -80"C. Purified virions were

usually diluted to final concentration of 1x1013 particle per ml and then diluted virions

were incubated at 37'C with various concentrations of appropriate en4¡me. Aliquots

from the digestion reactions were collected at various time intervals and further digestion

of viral proteins was inhibited by addition of PMSF to a final concentration of 5mM to a-

chymotrypsin digestions, or addition of soybean trypsin inhibitor (Sigma) to a final

concentration of 125¡t{ml to trypsin digestions. All of the aliquots were divided into two

new tubes and used subsequently for SDS-PAGE and pharmacologic infectivity

experiments. One-quarter volume of 5x electrophoresis sample buffer was added to each

aliquot fr.om digestion reactions used for gel analysis and boiled for 5 minutes at 95'C.

The rest of the aliquot volume used for infectivity experiments was stored at -20"C until

the next day when experiment was performed. Digested virus aliquots were diluted with I
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x PBS to a final calculated MOI of 2 PFU per cell. All of the proteolysis experiments

were performed more than three times.

2.6.2. Proteolysis with detergent

Digestion reactions were set up as described above in 2.6.1. except the detergent

was included in the a-chyrnotrypsin and trypsin reactions. Sodium tetradecyl sulphate

(l4SO4) (Aldrich, Milwaukee, Wis), an alkyl detergent with 14 carbons (has 2 more

carbons than SDS; 12SO¿), was dissolved in distilled water or a 50:50 mixture of 70Yo

isopropyl alcohol and water; and added at lmM 14SO¿ final concentration into digestion

reactions. Purified virions were treated with detergent and protease at 32"C and at

specified times aliquots were taken out and reaction was stopped with appropriate

inhibitor. Subsequently, terminated reactions were prepared directly for SDS-PAGE; part

of the aliquot was stored at -20oC and used following day for infectivity experiments.

Aliquots analyzed for infectivity in presence or absence of different pharmacologic

inhibitors were diluted with 1 x PBS and cells were infected at an MOI of 2 PFU per cell.

All of the proteolysis experiments were performed more than three times and digested

aliquots were kept on ice throughout experiment.

2.7. Infectivity experiments

i
Monolayers of L929 cells

plates (0.5 ml per well) (Corning

200pM 864 (Calbiochem), 20mM

¡iM chloroquine (Sigma, Aldrich),

(cells were set up as described in 2.2.I.) in 24 well

Costar, Fisher Scientific,ON) were pre-treated with

ammonium chloride G\fH4Cl) ( Sigma, Aldrich), 100

l0pg/ml of chlorpromazine (Sigma, Aldrich), 10mM
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methyl-B-cyclodextrin (MPCD) (Sigma,Aldrich); or with 200¡-rM E64 and 100pM

chloroquine together; or mock treated (MEM treated used as control) for t hour at 37oC.

All stock solutions were prepared by dissolving mentioned inhibitors in the distilled

water and kept at roomtemperature, except F,64 and MPCD which were kept at -20'C.

Pharmacological inhibitors used in this study have different targets and effects inside the

cell. E64 is an irreversible cysteine-proteases inhibitor (blocks viral proteolysis inside

lysosome); NH4CI and chloroquine are weak bases and when added to culture medium,

they raise the lysosomal pH reducing the activity of acid-dependant proteases.

Chlorpromazine is an inhibitor of clathrin-mediated endocytosis and MBCD is inhibitor

of caveola-mediated endocytosis (Wang et al., 1993; Neufeld et al., 1996; Orlandi and

Fishman 1998; reviewed in Sieczkarski and Whittaker 2002). After one hour pre-

treatment with the corresponding compound the medium was removed and cells were

infected with different reoviral particles (intact virion, ISVP, as well as various digestion

particles that lie part-way between virion and ISVP produced by proteolysis for various

periods of time with different proteases in the presence or absence of detergent) at MOI

of 2 PFU per cell. Following one hour adsorption period the inoculum was removed, cells

were washed twice with phosphate-buffered saline (PBS) and 0.5m1 of fresh medium

supplemented with appropriate drug was added. After 24h incubation at 37oC cells were

frozen and thawed twice and virus in cell lysates was titrated onL929-cell monolayers by

plaque assay.
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2.8. Cell viability

Cytotoxic effects of E64, chloroquine, F,64 and chloroquine together, NH4CI,

chlorpromazine and MBCD were determined with the Cell Proliferation Assay Kit

(Roche Applied Sciencçs). L929 cells (approximately 5 x 104-5 x 10s) were added to

each well (100pL) of 96-well plate and incubated for 24 hours at 37"C with various

concentrations of corresponding drug. After incubation, l0prl of WST-I reagent from the

kit was added and cells were incubated for additional 4 hours. Following 4 hour

incubation cells were thoroughly shaken for I minute and the absorbance of the sample

was determined at 440rrrt with a Spectromax Plus microplate reader (Molecular

Devices). This assay is based on the cleavage of the tetrazolium salt WST-I to formazan

by cellular mitochondrial dehydrogenases. Expansion in the number of viable cells results

in the augmentation of enzpe activity which leads to the increase in the amount of

formazan dye formed that can be quantified by a multiwell spectrophotometer.

2.9. MALDI-QqTOF mass spectrometry and sample preparation

2.9.1. Proteolysis and in solution peptide identification

Purified virions were generated as described in 2.3.2. section. Proteolytic

digestion of virions was carried out in 0.5m1 centrifuge tubes with protein to enzyme ratio
\

adjusted to anywhere from 1000:1 to 3000:1 to achieve limited proteolysis. At designated

time points post-digestion, aliquots were taken out and samples were placed on ice and

immediately 1/i0th the reaction volume of 2%o formic acid (Sigma) rvas added to inhibit

further digestion. Proteolytic reactions were performed in presence or absence of lmM
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alkyl detergent (14SOa) and at two different temperatures (32'C and 37"C). Samples

were either analyzed right away or stored at -20C. To keep the intact virion stable, it was

necessary to perform proteolytic digestions at high concentrations of salts (D-buffer).

Since high salt concentrations are not compatible with MALDI-QqTOF mass

spectrometer, the virion digests taken out at specified time points had to be diluted with

water in 1:5 ratio to reduce the salt concentration. A matrix solution of 160 mg/ml DFIB

(2,5-dihydroxybenzoic acid, Sigma) was prepared in a 1 :1 mixture of acetonitrile and

water. Next, a 1:1 ratio of sample and matrix solution was prepared and I pl was placed

onto a gold target probe and analyzed with MALDI-QqTOF.

2.9.2. Mass spectrometry analysis

Samples were analyzed on a prototype MALDI-QqTOF mass spectrometer

(Figure 3) built at the University of Manitoba in collaboration with MDS Sciex (Concord,

ON). It consists of matrix-assisted laser desorptionlionization (MALDI) source coupled

to a tandem quadropole/time-oÊflight (QqTOF) mass spectrometer by means of a

collisional damping interface (Figure 3) (Shevchenko et al., 1997; Chernushevich et al.,

1999). The peptides resulting from protein digestion are spotted onto target, placed about

4mm from the entrance of the quadrupole ion guide q0, where they were aerosolized and

given an ionic charge by exposure to a nitrogen laser beam (Laser Science Inc., model

337ND) operating at a repetition rate of 10 Hz for single MS. Ionized peptides are then

carried through an electromagnetic field towards a time of flight (TOF) analyzer. The

TOF analyzer detects how long it takes for a given ion to travel a given distance. A

peptide ion's flight is proportional to its mass/charge ratio (nlz). The instrument is
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extremely sensitive and has been measured to have an accuracy of 0.1 Da within a range

of 500 to 4500 Da (Loboda et a1.,2000). For each cleaved protein, a spectrum of peptide

mJz ratios is produced in approximately I min. Argon was used as the cooling gas in q0.

Mass spectra data were acquired,_recorded and analyzed using Tofma software developed

in-house. Calibration of the mass spectrometer was based on the quadratic equation and

was calculated using two known mass peaks. Mass spectra were analyzed using MIZ and,

Knexus'proteomics programs (Genomic Solutions, Boston, MA). The peptides were

identified by searching on-line databases against monoisotopic masses using ProFound

(http://hsl.proteome.calprowl/knexus.html) or using the Mascor search engine (Matrix

Sciences, Ltd., London, UK) on the Internet.

2.9.3. MS/IVIS analysis

To identifo peptide molecular weights from spectra that were not matched to reovirus

peptides using ProFound or Mascot the tandem mass spectra (MS/Ì\4S) of unidentified

peptides were acquired using the same MALDI-QqTOF instrument. The further

fragmentation of the peptide of interest can also be performed to confirm the amino acid

sequence. The unmatched peptides were further fragmented using the same laser but for

MS/I4S operating at 20 }Jz. As peptides are flying through the electromagnetic

quadrupoles, the TOF analyzer detects these smaller peptide fragments, the size of which

differs by a single amino acid sequence and in that way amino acid sequence ladder is

produced. Tandem mass spectra were accumulated for several minutes as opposed to just

one minute in single MS specha. For tandem mass spectrometry, selected ions were

fragmented in a collision cell that contained argon. The collision energy was adjusted
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Figure 3. The MALDI QqTOF mass spectrometer.

The proteolytically cleaved protein sample is spotted onto target and exposed to a laser

beam. The paptides are accelerated and cooled through an electromagnetic field (q0, Ql

and q2) and enter a time of flight (TOF) analyzer. The laser is pulsed at a repetition rate

of 10Hz for single MS and 20Hz for tandem MS. The length of time required for a

peptide fragment to reach the TOF detector is proportional to its mass and charge. During

tandem MS specified peptide is isolated and further fragmented in the q2 quadropole of

mass spectrometer. This allows for the analysis of the peptide amino acid sequence. The

computer programs used to analyze the spectra produced by the MALDI QqTOF were

WZ, Knexus, ProFound and Sonar ms/ms (Proteomics, New York, USA). This figure

was provided by Drs. Wemer Ens and Ken Standing (University of Manitoba,

Department of Physics and Astronomy).
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manually between 32 and 183 eV to obtain optimum fragmentation of the parent ions by

applying the accelerating voltage to the rule 0.5 YIDa. The produced fragmented peptide

mlz ratios were analyzed using MIZ and Knexus suite of proteomics programs and

matched against tF NCBIff virus database using Sonar ms/ms

(http://hsl.proteome.calprowl/knexus.html) search engine on the Intemet to determine the

identity or homology of the protein.

2. I 0. Immunoprecipitations

Hybridoma cells that secrete various T3D-o3-specific monoclonal antibodies

(MAb) (4F2, 5C3,7AT,8F12, 8H1, 10C1, 10G10) were cultured and supernatant with

MAbs was collected as described (Virgin et al., 1991). From each hybridoma cell line

50ml of supernatant was collected, which was incubated and agitated with 0.5m1 of

Protein A Sepharose (SPA) beads (Amersham Biosciences, Uppsala, Sweden) overnight

at 4oC. After incubation SPA beads were washed and stored at 4oC in wash buffer (50

mM Tris, pH 8.0; 100mM Nacl; 1% Nonidet P40; l%Doc;0.1% sDS) supplemenred

with 0.2% Sodium azide as described earlier (deMazancourt et al., 1986).

Immunoprecipitation experiments were performed with equivalent aliquots of purified

virus or ISVPs, both T3D and TlL, respectively, which served as a control, and partially

digested TlL particles. TlL was digested with 1O¡rg/ml of cr-chymotrypsin in presence of

lmM l4SO + at'32oC and SDS-PAGE was run before immunoprecipitation reactions were

performed to confirm that correct particles were produced. Subsequently, different

reovirus-o'3-MAbs that had been attached to SPA beads were incubated and agitated, at

4oC overnight with intact virus, ISVPs and partially cleaved particles. After incubation,
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beads were washed five times with wash buffer, boiled for 5 minutes with 1 x

electrophoresis sample buffer and submitted to 10% SDS-PAGE to determine reovirus

particle binding to different MAbs and amount of material present in each lane.
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3. RESULTS

3.1. Virion proteolysis with a-chymotrypsin, o3 stoichiometry after cr-chymotrypsin

treatment and effect oJ 864 protease inhibitor on replication of produced viral

particles

3.1.1. Virion proteolysis with a-chymotrypsin

TIL virion was amplified and purified as described in sections 2.3.1. and2.3.2.

from Materials and Methods. cr-Chymotrypsin was dissolved in D-buffer as a 1 mg/ml

stock solution and kept at -2C C. The virus was diluted to 1x 10r3 particles perml with

lxPBS. Enzyme was added to make a 10 ¡rglml final concentration and this mixture was

incubated for different periods of time to make intermediates along the virion to ISVP

transition pathway. Reactions were stopped with PMSF. A low enzyme concentration

allows better control over virion digestion since o'3 digestion is very rapid. SDS-PAGE of

virions digested under these conditions shows that o3 has been gradually cleaved and at

the 30 minute time point there is no o3 left, which is one characteristic of ISVP in

polyacrylamide gels (Figure 4A). At the 10 minute time point, ô band, which is a

cleavage product of ¡rl/¡r1C, is starting to appear and increases in amount by the 15 and

30 minute time points. However, the protein profile at 30 minute particles which have o3

' completely cleaved is not that of ISVPs. There is a visible ð band but pl has not been

completely cleaved so these particles are not real ISVP, but are intermediate particles

along the virion to ISVP transition pathway. Under these conditions, the results shown
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Figure 4. TIL digestion with cr-chymotrypsin, densitometric analysis and infectivity

of produced particles in presence of 864.

A. Purified TlL was digested with 10 frdml of a-chymotrypsin at 37"C for indicated

times and resolved in 5%-I5%- SDS-PAGE. Digestion was inhibited by immediate

cooling on ice and by addition of PMSF. Viral structural proteins are labeled on the right.

B. Protein bands in the gel have been visualized by a Gel Doc 2000 apparatus and band

densities were quantified with the program Scion Image Beta 4. For each interval of cr-

chymotrypsin treatment, densities of bands corresponding to o3 were divided by those

corresponding to the À proteins as a control for loading. Shown are the mean o3:À ratios

for three independent experiments. Error bars indicate the standard errors of the means.

C. Purified TlL virion particles were digested for different periods of time with l0 pdml

of a-chymotrypsin and used to infect L929 cells in presence or absence of F,64 protease

inhibitor. Cells were preincubated for t hour with 0 or 200 ¡ti:|l{ F,64 and subsequently

medium was removed, cells were infected with particles from all of the time points (see

A.), TlL virions and TlL ISVPs at MOI of 2 PFU per cell. After t hour adsorption the

inoculum was removed, fresh medium with or without 200 pM E64 was added and cells

were incubated at 37'C for 24 hours. Cells were harvested by freezing and viral growth

was determined by plaque assay. The results are presented as mean viral titers for three

independent experiments. V: gradient purified virions; ISVP: intermediate viral particles;

o-chy: a-chymotrypsin.
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(generating intermediates along the virus-ISVP transition pathway) aÍe highly

reproducible.

3 -1.2. o3 stoichio_metry following a-chymotrysin treatment

After electrophoretic analysis of reoviral proteins generated from cr-chymotrlpsin

digestion for each interval of protease treatment, densities of o.3 protein and I proteins

were determined using Scion Image Beta 4 program. Results are shown as the mean o3lÀ

ratios for three independent experiments (Figure 4B). For example, analysis of a3/t"

ratios at 5 minutes shows that 48.2o/o of full length o3 is left. As will be seen later in an

experiment with protease inhibitor (section 3.1.3.), these particles are able to grow

without E64 but not in the presence of E64 (ie, they still behave like intact virus) which

suggests that more o'3 needs to be digested in order for these particles to surpass this

block. At the 10 minute time point there is 21.61% of full length o3 left after proteolysis,

and in the E64 growth experiments, these particles are beginning to multiply inside of

cells which suggests that not all of the o3 needs to be digested in order for a particle to be

able to surpass theE64 block. And fînally, at the 30 minute time point of o-chynotrypsin

digestion almost all of the o3 is removed from the outer capsid (only Z.4o/oof o3 is left).

3.1.3. Growth of the particles digested with a-chymotrypsin in the presence

and absence of 864 protease inhibitor

After virions had been digested with a low concentration of a-chymotrypsin, one

part of the aliquot was used for SDS-PAGE and the other part was kept at -20"C until the

following day when the aliquot was diluted to infect cells at an MOI of 2 pFU per cell.
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The particles were diluted with lx PBS and at all times kept on ice. The L929 cells were

pretreated for t hour with E64, before they were actually infected with reovirus particles.

After a I hour adsorption period the inoculum was removed, cells were washed two times

with IxPBS and overlaid with MEM supplemented with Fj64 and, incubated for 24hours

at 37"C. Particles from all time points were able to grow in the L929 cells that were not

treated with E64 (Figure 4C). Particles digested for < 5 minutes with a-chymotrypsin

were not able to grow in the L929 cells in the presence of E64 protease inhibitor.

However, particles digested > 10 minutes were gradually starting to surpass the E64

block and grow in the L929 cells. The reovirus particles produced after 30 minutes

digestion grew in the presence of E64 like authentic ISVP and their tihe is approximately

the same as the titre in the L929 control without E64. This suggests that not all of the o3

needs to be digested in order for particle to behave like ISVP in presence of E64 protease

inhibitor.

3.2. Virion proteolysis with trypsin, o3 stoichiometry after trypsin treatment and

effect of F,64 protease Ínhibitor on replÍcation of produced vÍral particles

3.2.1. Virion proteolysis with trypsin

In the GIS two commonly found pancreatic proteases are cr-chymotrypsin and

trlpsin. Those two serine proteases are widely used for in vitro generation of subviral

particles *¿ ur. thought to be important in proteolysis of reovirus in the intestinal tract

of the host. Therefore in the following experiment TIL virion (amplified and purified as

described in sections 2.3.1. and2.3.2.) was digested with 10 pglml tr¡psin similarly as
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described for a-ch¡rmotrypsin (see 2.6.1. and 3.1.1.). Diluted virus (1x 10r3 particles per

ml) was digested with trypsin for specified periods of time to make intermediates along

the virion to ISVP transition pathway. Reactions were stopped with soybean trypsin

inhibitor. As in a-chyprotr¡rpsin digestion (Figure 4A), a low enzyme concentration

allows better control over virion digestion because o'3 digestion is very rapid. SDS-

PAGE. of virions digested under these conditions shows that o3 has been gradually

cleaved and at the 30 minute time point there is very small amount of o'3 left (Figure 5A).

However, under the same conditions of virion treatment with cr-chymotrypsin at 30

minutes, there is no visible o3 band in the polyacrylamide gel (Figure 4A). At the 10

minute time point, ô band, which is a cleavage product of ¡rl/¡rl C, is starting to appear

and increases amount by the 15 and 30 minute time points. But the protein profile at 30

minutes is not characteristic of ISVP's with o3 substantially cleaved and a visible ô band,

but incompletely cleaved pl/plC. These particles are not real ISVP but intermediate

particles along the virion to ISVP transition pathway (see Figure 5A). kr trypsin

proteolysis, under these conditions, the results are highly reproducible (generating

intermediates along the virus-ISVP transition pathway).

3.2.2. o3 stoichiometry following trysin treatment

Following electrophoretic analysis (Figure 5A), densities of the o'3 protein and l"

proteins were determined using Scion Image Beta 4 program and results are shown as the

mean o'3lÀ ratios for three independent experiments (Figure 5B). Analysis of o"3/1, bands

ratios at 5 minutes shows that 52.2Yo of full length o'3 is left. As is seen in experiments
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Figure 5. TIL digestion with trypsÍn, densitometric analysis and infectivity of

produced particles in presence of 864.

A. Purified TIL was digested with 10 pg/ml of trypsin at 37'C for indicated times and

resolved in 5%-15% SDS-PAGE-. Digestion was inhibited by immediate cooling on ice

and by addition of soybean trlpsin inhibitor. Viral structural proteins are labeled on the

right. B. Protein bands in the gel have been visualized by a Gel Doc 2000 apparatus and

band densities were quantified with the program Scion Image Beta 4. For each interval of

trypsin treatment, densities of bands corresponding to o3 were divided by those

corresponding to the l, proteins as a control for loading. Shown are the mean o3:1, ratios

for three independent experiments. Error bars indicate the standard errors of the means.

C. Purified TIL virion particles were digested for different periods of time with 10 pdml

of trypsin and used to infect L929 cells in presence or absence of E64 protease inhibitor.

Cells were preincubated for I hour with 0 or 200 ¡rM E64 and subsequently medium was

removed, cells were infected with particles from all of the time points (see A.), TlL

virions and TIL ISVPs at an MOI of 2 PFU per cell. After t hour adsorption the

inoculum was removed, fresh medium with or without 200 ¡rM E64 was added and cells

were incubated at 37'C for 24 hours. Cells were harvested by freezing and viral growth

was determined by plaque assay. The results are presented as mean viral titers for three

independent experiments. V:gradient purified virions; ISVP: intermediate viral particles.
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with protease inhibitor (section 3.2.3., Figure 5C), these particles are able to grow

without E64 but not in the presence of E64 (they still behave like intact virus) which

suggests that more o'3 needs to be digested in order for these particles to overcome this

block. At the 10 minute time poinf there is 33.4% full length o3 left after proteolysis and

in the E64 growth experiments these particles are beginning to multiply inside of cells

treated with E64 which suggests that not all of the o3 needs to be digested in order for

particle to be able to surpass the F;64 block. And finally at the 30 minute time point

almost all of the o'3 is removed from the outer capsid (only 1 l.5o/o of ú is left). At the 30

minute time point of trypsin digestion, there is approximately five times more full length

o3 left than with cr-chymotrypsin digestion.

3.2.3. Growth of the particles digested with trypsin in the presence and

absence of 864 protease inhibitor

After trypsin digestion, one part of the aliquot was used for SDS-PAGE and the

other part was kept at -20"C until following day when the aliquot was diluted with

lxPBS. The L929 cells were pretreated for t hour with E64, than infected with TIL

reovirus particles at an MOI of 2 PFU per cell. After t hour adsorption the inoculum was

removed, cells were washed two times with IxPBS and overlaid with MEM

supplemented with E64 and incubated for 24 hours at37"C. Particles from all time points

were able to grow in the L929 cells that were not treated with E64 (Figure 5C). Particles

digested for < 5 minutes with trypsin were not able to grow in the L929 cells in the

presence of E64 protease inhibitor. However, particles digested > 10 minutes were

gradually starting to overcome the E64 block and grow in the L929 cells. The reovirus
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particles produced after 30 minutes digestion grew in the presence of E64 like authentic

ISVP and their titre was approximately the same as the titre in the L929 control without

E64. Thus, the same conclusion can be drawn as in the section 3.1.3.; not all of the o3

needs to be digested for particled to functionally behave like ISVP in presence of 864

protease inhibitor.

3.3. Proteolysis with a-chymotrypsin in presence of sodium tetradecyl sulphate, o3

stoichiometry and infectivity of produced particles

3.3.1. Virion proteolysis with a-chymotrypsin in presence of sodium

tetradecyl sulphate

Results from the experiments in sections 3.1. and 3.2. indicate that gradual

cleavage of outer capsid protein o3 leads to productive infection. However, as can be

seen in Figure 4A and Figure 54, pl digestion occurs almost concomitantly with 03

cleavage. Thus, it is important to separate o3 digestion from ð generation and pI/¡tlC

proteolysis in order to confirm results from previous experiments, that o'3 is a key

determinant in reovirus infectivity. This was accomplished by digesting virus with a-

chymotrypsin in the presence of low concentrations of alkyl sulphate detergent, l4SOa

(Chandran and Nibert 1998). Because this detergent blocks ¡r1 cleavage but at the same

time accelerates cleavage of o3, the particles produced in this way had un-cleaved

¡tIl¡tlC and all of the o3 removed from outer capsid. These particles also retained full

infectivity relative to virions (Chandran and Nibert 1998). However, I was able to modiff

Nibert's original protocol and produce particles that did have all detectable pl/¡tlC intact
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but also had some of the o3 present in the outer capsid (Figure 6A). The digestion

reactions were set up as described in 2.6.2. where TlL was diluted to lx1013 particles per

ml and detergent added to the proteolysis mixture. h addition to low enzpe

concentration, proteolyslg in the presence of detergent was performed at 32"C in order to

achieve controlled digestion of o'3 and produce particles with only partially cleaved o3.

The reaction shows gradual cleavage of o3 during the treatment and at the 15 minute

time point there is approximately 5 to 6 times less o3 left compared to the 5 second

digestion. There is also no visible ô band in any of the time points because pllplC

cleavage is blocked by 14SO+ detergent. However, as seen below 10 and 15 minute

particles are able to glow in the presence of the irreversible cysteine protease inhibitor,

E64 (see 3.3.3.).

3.3.2. o3 stoichiometry following cr-chymotrypsin proteolysis in presence of

alkyl detergent

Following electrophoretic analysis of reoviral particles generated from ct-

chymotrypsin digestion in presence of sodium tetradecyl sulphate for each interval of

treatment, densities of o3 protein and À proteins were determined using Scion Image Beta

4 program. Results are shown as the mean o'3l1. ratios for three independent experiments

i

(Figure 68). Analysis of o3lÀ ratios at 5 minutes shows that approximately 52% of full

length o3 is left and such particles are able to grow only in absence of protease inhibitor,

E64 (Figure 6C). The l0 minute time point has approximately 30o/o of full length o3, but

these particles are able to grow in the presence of E64 inhibitor although the pllplC is
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not cleaved and there is still o3 left in the outer capsid. At the last time point (15 minute),

approximately 83o/o of o3 is digested and those particles are behaving in the presence of

inhibitor like real ISVPs (Figure 6C).

3.3.3. Growth of the particles digested with cr-chymotrypsin in the presence

of alkyì detergent in the medium supplemented with 864 protease inhibitor

Purified virions were digested with a low concentration of a-chymotrlpsin in the

presence of sodium tetradecyl sulphate detergent; an aliquot was used for SDS-PAGE

and the remainder was kept at -20"C for the infectivity experiment (see section 2.6.2. and

Figure 6A). The next day, the remainder was diluted with IxPBS and L929 cells that

were pretreated and non-pretreated with E64 protease inhibitor were infected at MOI of

2. Ãfter t hour of adsorption, the cells were washed two times with IxPBS and overlaid

with MEM supplemented with E64 and incubated lor 24 hours at 37'C (section 2.7.).

Particles from each time point were able to grow in the absence of E64 but only later time

points, starting from the 10 minute time point, were able to gtow in presence of F,64

protease inhibitor, although ¡tI/¡tIC had not been cleaved and there was no appearance of

õ band (Figure 6A and Figure 6C). In addition, these data also indicate that l4SO+ does

not mimic early phases of the ¡rl-phospholipid membrane interactions to help

internalization of reoviral particles because at earlier time points particles grew without

864 but not in the presence of E64. These results suggest that o3 proteolytic digestion is

a crucial factor in particle internalization and not the cleavage of ¡rl which is consistent

with previous results. Also, these data confirm earlier results (see section 3.1'3. and3.2.3)
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FÍgure 6. TIL digestion with a-chymotrypsin in presence of alkyl detergenÇ

densitometric analysis and infectivÍty of produced partÍcles in presence of E64.

A. Purified TIL was digested with 10 pg/ml of a-chymotrypsin in presence of lmM

sodium tetradecyl sulphäte at 3ZiC for indicated times and resolved in 10% SDS-PAGE.

Digestion was inhibited by immediate cooling on ice and by addition of 5mM PMSF.

Viral structural proteins are labeled on the left; ô protein is marked on the right. B.

Protein bands in the gel have been visualized by a Gel Doc 2000 apparatus and band

densities were quantified with the program Scion Image Beta 4. For each interval of cr-

chymotrypsin treatment, densities of bands corresponding to o3 were divided by those

corresponding to the À proteins as a control for loading. Shown are the mean o'3:1. ratios

for three independent experiments. Error bars indicate the standard errors of the means.

C. Purified TlL virion particles were digested for different periods of time with l0 Wdml

of cr-chymotrypsin in presence of lmM 14SO4 and used to infect L929 cells in presence

or absence of 864 protease inhibitor. Cells were preincubated for t hour with 0 or 200

¡tld F;64 and subsequently medium was removed, cells were infected with particles from

all of the time points, TlL virions and TIL ISVPs (see A.) at an MOI of 2 PFU per cell.

After I hour adsorption the inoculum was removed, fresh medium with or without 200

pM E64 was added and cells were incubated at 37'C for 24 hours. Cells were harvested

by freezing and viral growth was determined by plaque assay. The results are presented

as mean viral titers for three independent experiments. V: gradient purified virions, ISVP:

intermediate subviral particles.
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and indicate that not all of the o'3 needs to be proteolytically digested for particle to be

internalized into susceptible host cells.

3.3.4. Effects of other acidification and endocytosis inhibitors

ln order to further biochemically analyze the infectious entry of reovirus, various

TIL particles produced by digestion with 10 pglml a-chymotrypsin in presence of alkyl

detergent l4SO4 were used to infect L929 cells in presence of NH¿CI and chloroquine

(acidification inhibitors) or chlorpromazine and MBCD (endocytosis inhibitors) (Figure

7). Particles produced in this way show gradual cleavage of o'3 and at the same time have

undigested pllp1C (see their characteristics in 3.3.1. and3.3.2.; Figure 6A). Since both

NH4CI and chloroquine are weak bases, their addition to the cells raises the lysosomal pH

and reduces activity of acid-dependent proteases. Acidification of the endocytic vacuole

containing the virion particle activates lysosomal proteases that cleave o3 and more fully

exposes the underlying pl/plC protein (Silverstain et al., 1972; Sturzenbecker et al.,

1987; Dermody et al., 1993). Thus, in presence of weak bases, infection by virions is

blocked but not by ISVPs (Dermody et al., 1993; Bear and Dermody 1997). The most

established endocytosis route of entry is via clathrin-coated pits which have been shown

to play a major role in the internalization of many viruses. Inhibition of clathrin function

traditionally relied on three principal approaches; low-pH shock treatment, potassium

depletion and more recently by the use of chlorpromazine. However, all of these

treatments are non-specific; chlorpromazine also targets marry intracellular enzymes

(reviewed in Sieczkarski and Whittaker 2002). Chlorpromazine induces clathrin lattices

to assemble on endosomal membranes and at the same time prevents the assembly of
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Figure 7. Infectivity of detergent TLL reoviral particles in presence of acidification

and endocytosis inhibitors.

Purified TlL virus was digested for specified periods of time with 10 pÚml of cr-

chymotrypsin in presence of lmM 14SO¿ and used to infect L929 cells in presence or

absence of acidification and endocytosis inhibitors. Cells were preincubated for t hour

witn Zò rnM NH¿CI, 100 pM chloroquine, 100 pM chloroquine and 200 pM 864

together, 10 ¡rglml of chlorpromazine, 10 mM MpCD or with none of the mentioned

inhibitors (mock) (see 2.7.). After preincubation medium was removed, cells were

infected with particles from all of the time points (Figure 6A), TlL virions and TlL

ISVPs at an MOI of 2 PFU per cell. Following t hour adsorption the inoculum \tr'as

removed, fresh medium with or without appropriate amount of inhibitor was added and

cells were incubated at 37'C for 24 hours. Cells were harvested by freezing and viral

growth was determined by plaque assay. The results.are presented as mean viral titers of

two independent experiments. V: intact virus; ISVP: intermediate subviral particles;

mock: non-treated cells; CQ: chloroquine;864:protease inhibitor; CZ: chlorpromazine;

MBCD (MB CD) : methyl- B-cyclodextrin; NH¿CI : ammonium chloride.

57



clathrin-coated pits at the plasma membrane (V/ang et al., 1993). Recentl¡ caveole have

emerged as a route of entry for some viruses (for example polyomavirus, simian virus 40)

(Kartenbeck et al., 1989). Caveolae are invaginated, flask-shaped plasma membrane

domains, which are especially 
*enriched 

in cholesterol and sphingolipids. They are

charactenzed by the presence of the integral membrane protein - caveolin. The most

effective way of disrupting caveolar function is with sterol-binding drugs that sequester

cholesterol, a prominent component of lipid rafts involved in caveolae formation. MBCD

is cyclic oligomer of glucose which removes cholesterol from plasma membrane of

cultured cells by sequestering it in its hydrophilic core (Pitha et al., 1988). Úr this

experiment particles digested for short time periods (5",30", 1'30",3'and 5') and

treated with chloroquine behaved similarly to the intact virus. A difference in growth

compared to virus control is seen starting from the 10 minute time point and 15 minute

particles grew approximately to a 1000-fold higher titer than whole virus. The 15 minute

particles behaved similar to the ISVPs control which are able to grow in the presence of

chloroquine (Figure 7). When NH4CI was used, the same trend can be seen, where going

from the earlier time points to the later ones, viral titre is increasing and at 15 minute time

point particles reach the titre of the same time point non-treated control particles. Virus

control showed 100-fold reduction in viral titre in presence of NHaCI whereas ISVP

NH¿CI treated control grew same as the non-treated ISVPs (Figure 7).If cells are treated
\

with both, chloroquine and E64 together, there is again gradual increase in titre going

from the earlier to the later time points. In this case, the difference in growth between

virus control and later time points (10' and 15') is approximately 1.5 log¡6 and the titre of

the 10 and 15 minute time point is similar to the ISVP control growth which also did not
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reach the titre of non-treated ISVPs (Figure 7). This is probably due to combined toxic

effect of these two drugs on the cells. ln the presence of chlorpromazine there is a gradual

increase in titre going from the earlier time points to the later time points. However,

difference in growth between earlier and later time points, is less than lO-fold. If
comparing later time points (10' and 15') to the virus chlorpromazine control there is

approximately 1O0-fold increase in titre. When comparing ISVP chlorpromazine control

to the late time points (10' and l5') there is l0-fold increase in titre (Figure 7). Because

difference in titre between chlorpromazine virus and ISVP controls is approximately 0.5

log¡¡, it is difficult to make conclusions regarding clathrin-mediated endocytosis and

reovirus. Also these results could be just reflecting high toxicity and low specificity of

the drug. However, when cells are infected with the same kind of particles in the presence

of 10 mM MBCD, they barely grew because of the profound toxic effect of this drug on

the L929 cells (Figure 7). These data indicate that particles do not need to have all of the

ISVP's characteristics to be able to grow in the presence of acidification inhibitors. They

suggest that p|lplC cleavage is dispensable for reovirus internalization (as shown in

earlier studies Chandran and Nibert 1998; Jané -Valbuena et a1.,I999) and are also in

agreement with previous E64 experimental results (see 3.3.3). Data acquired from this

experiment show that not all of the o3 protein needs to be removed from outer capsid for

particles to behave like ISVP in presence of acidification inhibitors or in presence of 864

(see 3.3.3.). Similar conclusion can be made when cells are treated with E64 and

chloroquine together, because the same trend in particle growth can be seen. But the

lower viral titre in this case, comparing to the only E64 or acidification inhibitor treated

cells, is probably due to the combined toxic effect of these two drugs on the cells. Results
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from these infectivity experiments in the presence of acidification inhibitors demonstrate

a key role of o3 in determining particle behavior and also compliment earlier E64 results.

However, based on this data it is hard to make any conclusions regarding reovirus and

endocytosis since both.drugs, chlorpromazine and MPCD, have high toxicity and low

specificity.

3.3.5. Infectivity of TIL virus and TIL ISVPs in HeLa cells treated wÍth

MpcD.

Previous studies that examined effects of MBCD were performed in HeLa cells

(Sieczkarski and V/hittaker 2002b). Experiments with 10 mM MBCD treated L929 cells

showed very poor growth of viral particles as detected by plaque assay (Figure 7). Thus,

to examine the effect of MBCD on reovirus entry the following experiment was

performed using a HeLa cell culture. tnfections were performed as described in section

2.7. buf HeLa cells were used instead. Results show that in the presence of 10 mM

MPCD in HeLa cells there is 1000-fold difference between virus growth and ISVPs after

24 incubation (Figure 8). Using different concentrations of MBCD (3mM, 5mM, 7mM;

not all of the results are shown) a similar inhibitory effect was found, with approximately

a 1000-fold difference at 7mM concentration. V/hen L929 cells are treated with 7mM

MPCD, 2.5 log¡e difference between virus and ISVP growth was seen, which means that

this concentration was sufficient to have an inhibitory effect and at the same time not be

toxic to L929 cells. However interpretation of this data is difficult for several reasons.

Compared to clathrin-mediated entry, caveolae avoid lysosomes. Thus if MBCD does not

block internalization of intact virus we still would not see growth since the virion needs
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Figure 8. InfectivÍty of TlL virus and TIL ISVPs in presence of MpCD. HeLa and

L929 cells were pretreated with 0 mM, 7 mM or l0 mM MPCD for I hour. Subsequently,

medium was removed dñd cells were infected with either intact TIL virus or with TIL

ISVPs at MOI of 2 PFU per cell. After t hour absorption period inoculum was removed,

fresh medium with appropriate drug concentration was added and cells were incubated at

37"C for 24 hours. Afier incubation cells were harvested by freezing and viral growth was

determined by plaque assay. The results are presented as mean viral titers for two

independent experiments. V: intact TIL virus; ISVP: intermediate subviral particles;

MBCD (MBCD) : methyl-B-cyclodextrin.
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to be digested for productive infection (in case that reovirus uses the caveolae mode of

entry). However, ISVPs are already proteolytically digested and able to directly penetrate

the cell membrane so they would not be affected by MBCD. Another reason for

difficulties interpreting data from this experiment is that the literature has opposite views

on MBCD specificity. Some studies show that extraction of cholesterol with MBCD also

affects clathrin-mediated endocytosis because it strongly inhibits invagination of clathrin-

coated pits (Rodal et al., 1999). Thus to distinguish between blockage of reovirus entry,

or possibility of virus internalization but inability of virus to multiply,

immunofluorescence experiments need to be performed.

3.4. Drug cytotoxicity

To examine cytotoxicity effects of all of the drugs used in this study viability

experiments were performed (Figure 9). L929 cells were set up in 96-well plates and

incubated for 24 hours with different drug concentrations and subsequently their viability

was determined using WST-I reagent (see Materials and Methods). Tested drug

concentrations ranged from 10 fold smaller to 10 fold greater than corresponding working

drug concentration used in infectivity experiments, except for MBCD where the used

dilutions were smaller due to known high drug toxicity. Results show that following 24

incubation with all of the E64 concentrations, cells remained 100% viable. On the other

hand, MPCP drug had profound toxic effect and most of the cells were dead even with

4mM concentration. For all of the other drugs tested working concentration showed

approximately 50% viability. However, comparing cell viability of E64 and chloroquine

together and chloroquine alone there is approximately I0% difference (more cells are
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Figure 9. Drug cytotoxicity.

L929 cells were set up in 96-well plates and incubated for 24 hours with different drug

concentrations that ranged from l0 fold smaller to l0 fold greater than corresponding

working drug concentralion used in infectivity experiments (see 2.7.). ln the case of

MPCD used dilutions were smaller due to known high drug toxicity. Following 24 hour

incubation V/ST-I reagent was added and cells were incubated for additional 4 hours.

Subsequently absorbance of the sample was determined at 440nn with a Spectromax

Plus microplate reader. Effect of each corresponding drug concentration is shown as

average cell viability of four independent experiments. Error bars indicate the standard

deviation.
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viable in chloroquine alone). This may explain why, in the infectivity experiment where

cells were treated with E64 and chloroquine together, viral titre was lower than in the

cells treated with just chloroquine (see 3.3.4. and Figure 7). These results show that E64

is not cytotoxic to L9J9 cells -and MPCD has significant toxic effect under these

conditions onL929 cell culture.

3.5. Immunopreciptations of rlL digested in presence of alkyl detergent

There is also a possibility that growth of digested particles in the presence of

protease and acidification inhibitors could be due to the presence of an ISVP

subpopulation in digests (see Figure 6C and Figure 7). It is possible that the enzqe

could digest some virions to the point where all of the o'3 is removed, producing the

fraction of ISVPs. As discussed earlier, ISVPs are able to grow in the presence of

proteolysis or acidification inhibitors (see Table 1). Thus, in order to address the

possibility of having a subpopulation of ISVPs in TIL virion digestions with c¿-

chymotrypsin in presence of l4SO¿ (dpTll-) immunoprecipitations were performed.

MAbs used for immunoprecipitation are o3 specific and if an ISVP (the virus has o3 but

ISVP does not) subpopulation was present, the quantity of bound particles would

decrease as time of digestion progresses, because antibodies would not have a specific

antigen to recognize. Hybridoma cell lines that produce T3D-o3-specific monoclonal

antibodies were grown and. antibodies from the hybridoma supematants were conjugated

to SPA beads (see 2.10.). Experimental evidence indicates that only 1 of the 7 antibodies

recognizes a linear determinant maintained in denatured o3, whereas the other 6

antibodies recognizes epitopes that are dependent on protein conformation (Virgin et al.,
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1991). Monoclonal antibodies were first tested to determine if they would precipitate

intact TIL virions because they are T3D-o'3-specific. o3 sequences of TlL and T3D were

compared using the FASTA program (http://fasta.bioch.virginia.edu) and showed

approximat ely 97Yo of identity with only 12 amino acids differing between those two

viruses, suggesting that antibodies should be able to bind to the T1L-o3 protein.

Immunoprecipitation of intact TlL virus showed that all of the antibodies are able to bind

TlL virus. 10Cl antibodies bound the most and 10G10 bound the smallest amount of

intact virus because each reaction was performed with an equivalent amount of virus (-

l.2xI0t2 particles) (Figure 104). When the same immunoprecipitation experiment was

performed with intact T3D virus, 5C3 picked up most of the whole virus, while 8Fl2 and

10G10 barely bound any (Figure 114). As a negative control, immunoprecipitation

experiments with TIL and T3D ISVPs were performed. The same monoclonal antibodies

were used and as expected they were not able to bind ISVPs since they did not have o3

protein in the outer capsid (Figure 108 and Figure 118). Following these control

experiments, purified TIL virus was digested with cr-chymotrypsin in presence of 14SO¿

for 5 (5dpTll-), 10 (1OdpTlL) and 15 minutes (1sdpTtl-), and SDS-PAGE was run to

confirm that proper particles were produced with an amount of o'3 present that correlates

to the particles used in the E64 infectivity experiments (Figure 6A and Figure 12). In the

infectivity experiments, 5dpTll did not grow in the presence of E64 protease inhibitor,

but l0dpTtl and 15dpT1L particles grew (see 3.3.3. and Figure 6C). Titre of l5dpTll in

the presence of F,64 inhibitor was similar to the titre of the same time point non-treated

control. 5dpT1L, l0dpTlL and l5dpTll particles were than used for the

immunoprecipitation experiment using the same MAbs (Figure 13). Immunoprecipitation
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Figure l0.Immunoprecipitation of intact TIL virion and TlL ISVP.

Equivalent aliquots of purified intact T1L virus (4.) and TIL ISVPs (8.) were incubated

with SPA beads to which had been attached the indicated anti-o3 T3D monoclonal

antibodies. Incubation qf viral particles and beads with agitation was done ovemight at

4"C. Following incubation, beads were washed 5 times with wash buffer, boiled for 5

minutes with 1 x electrophoresis sample buffer and submitted to l0% SDS-pAGE. V:

gradient purified virions; viral structural proteins are marked on the left; different o3-

specific monoclonal antibodies are marked on top; IgG heavy (H) and light (L) chains are

marked on the right.
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Figure 11. Immunoprecipitation of intact T3D virion and T3D ISVP.

Equivalent aliquots of purified intact T3D virus (4.) and T3D ISVPs (8.) were incubated

with SPA beads to which had been attached indicated anti-o"3 T3D monoclonal

antibodies. lncubation of, viral pàrticles and beads with agitation was done over night at

4'C. Following incubation, beads were washed 5 times with wash buffer, boiled for 5

minutes with 1 x electrophoresis sample buffer and submitted to 10% SDS-PAGE. V:

gradient purified virions; viral structural proteins are marked on the left; different o3-

specific monoclonal antibodies are marked on top; IgG heavy (H) and light (L) chains are

marked on the right.
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with 5dpTll minute digests show that most of the particles are bound by 10Cl MAb just

like the immunoprecipitation with intact TlL. MAbs 5C3,7Al and 8H1 also bound

5dpTll- digested particles but much less than 10C1 (Figure 13). In the same time 4F2

barely bound any particles while 8F12 and 10G10 did not bind detectable amounts of

5dpTll particles (Figure 13). The same situation can be seen in the immunoprecipitation

reactions with 10dpT1L digested particles which have approximately 20%o of full length

o3 left in the outer capsid (Figure 13). Band densities of viral particles bound by 10C1

MAb are the same in 5dpTll. and l0dpTll which suggests that there is no subpopulation

of ISVPs in digested particles (Figure 13). In the immunoprecipitation experiments where

l5dpTlL particles were used all of the MAb bound the reoviral particles, so if there was

a subpopulation of ISVPs in the digests, the amount of material bound by antibodies

would not increase compared to the 5dpT1L and lOdpTlL immunoprecipitations (Figure

13). On the contrary, the amount of bound material would decrease and this would

especially be seen in the 10Ci immunoprecipitates. The 10Cl MAb always bound the

same amount of material in immunoprecipitations with 5dpT1L, l0dpTlL and 15dpT1L

digests compared to the TlL control, determined by Scion Image Befa 4 program, which

suggests that there is no subpopulation of ISVPs in these digestion reactions. The use of

14SO¿ detergent also supports the conclusion that there is no subpopulation of ISVPs

produced in those digestion reactions since detergent itself blocks cleavage of pllplC

into ð and $, which happens during transition from virus to ISVP morphological form.

These results also show that during digestion, the reovirus o'3 structural protein goes

through reversible conformational changes because 4F2, 8Fl2 and 10G10 MAùs are

capable of binding specific epitopes on the intact virus but not on the 5dpTll and
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Figure 12. SDS-PAGE of TlL particles used in immunoprecipitation reactions.

Particles used for immunoprecipiaton were digested with 10 ¡rglml of ø-chymotrypsin in

presence of lmM 14SO¡ for specified periods of time (top of the gel). After digestion

SDS-PAGE was run to confirm that produced 5, 10 and 15 minute particles have an

appropriate amount of o'3 left just like the particles used in infectivity experiments

(Figure 6A). Following confirmation immunoprecipitation was performed (Figure l3).
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Figure 13. Immunoprecipitation of TlL virus digested with a-chymotrypsin Ín

presence of 14SO¿ detergent.

Equivalent aliquots of 5, 10 and 15 minute TIL digested particles from Figure 11 were

incubated with Sepharose-conjugàted Protein A beads to which had been attached anti-o3

T3D monoclonal antibodies. Incubation of viral particles and beads with agitation was

done over night at 4oC. After incubation beads were washed 5 times with wash buffer,

boiled for 5 minutes with 1 x electrophoresis sample buffer and submitted to 10% SDS-

PAGE. V: gradient purified virions; viral structural proteins marked on the left; different

o3-specific monoclonal antibodies are marked on top; 5'l4SO+: immunoprecipitate with

five minute digested particles (in presence of detergent); 10' 14SO¿: immunoprecipitate

with ten minute digested particles (in presence of detergent); l5'14SO+:

immunoprecipitate with fifteen minute digested particles (in presence of detergent); IgG

heavy (H) and light (L) chains are marked on the right.
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Figure 14. Schematic model of o3 protein conformational changes.

A section of the virion outer capsid is enlarged (o3 shown as green line and pl shown as

yellow box). o3-specific monoclonal antibodies (shown in red) 8H12 and 10G10 interact

with whole virus and reöognize an epitope in the o3 amino sequence. Digestion of the

virion for 5 or 10 minutes with ø-ch¡rmotrypsin in presence of l4SOa induces a

conforrnational change in the <r3 protein which buries the epitope that monoclonal

antibodies recognize. Consequently, antibodies are not able to precipitate partially

digested TIL as seen in the Figure 13 (5 and 10 minute immunoprecipitations). Further

digestion induces a new conformational change which re-exposes the buried epitope and

antibodies are able to again interact with o"3 protein which results in the virus

precipitation Figure 13 (15 minute immunoprecipitation).
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lOdpTll digests. This suggests that the epitope(s) which 4F2, 8F12 and 10G10

antibodies recognize get buried and are not accessible to the antibodies. With further

digestion the same epitope gets re-exposed and 4FZ ,8F12 and 10G10 are able to again

precipitate reovirus partieles (Fig,ue 13 and Figure 14). Based on competition results

these 3 antibodies recognize non-overlapping epitopes and for 4F2 epitope has been

localized to Glu¡ ro-Argrzo (Kedl et al., 1995; Olland et a1.,2001).

3.6. Proteolysis with trypsin in presence of sodium tetradecyl sulphate

The effect of a-chymotrypsin on virion proteolysis in the presence of alkyl

detergent 14SO4 has already been shown and reported (Chandran and Nibert 1998) but

not the effect of trypsin on reovirus digestion under these conditions. The reactions were

set up as described in section 2.6. where 14SO+ was added to the mixture at a final

concentration of lmM. Reactions were performed at 32oC because the optimal control

over o3 cleavage, seen in reactions with o-chymotrypsin, is observed at the same

temperature. SDS-PAGE shows that when trypsin is used in presence of 14SO¿, o3 was

cleaved much faster and there was no block in pl cleavage. ln fact ¡r1 protein was

cleaved much faster than in absence of detergent (Figure l5). In order to analyze the

cleavage of reovirus proteins in the presence of detergent in more detail, mass

spectrometry was performed. The data show that the phenomenon of accelerated cleavage

of o3 and pl proteins is observed at both temperafures,32"C and 37"C (see section 3.7.).
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Figure 15. TIL digestion with trypsin in presence of alkyl detergent.

A. For comparison, a gel of TlL trypsin (10 pglml) digestion at 37"C in absence of

14SO¿ detergent is shown. B. Purified TlL was digested with 10 Vg/ml of trypsin in

presence of lmM 14SO¿ at 32"C and resolved in l0%o SDS-PAGE. Numbers above lanes

indicate time of trypsin digestion, when equivalent aliquots were removed. Digestion was

inhibited by immediate cooling on ice and by adding soybean trypsin inhibitor. V:

gradient purified virions; try: trypsin protease; alrow: soybean trypsin inhibitor.
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3.7. MALDI-QqTOF analysis of virion outer capsid proteins digested with

trypsin in presence and absence of alkyl detergent

For a detailed examination of protein digestion in presence and absence of aþl

detergent, a tight controlled time ãigestion with trypsin was conducted and digests were

subsequently analyzed by mass spectrometry. Purified TlL virions were digested at

protein to enzyme ratio of 1000:1, in presence or absence of 14SO¿. Equivalent aliquots

were collected at different time points and 2%o formic acid was added immediately to

inhibit any fuither digestion. Proteolysis reactions with or without detergent were

performed at 32'C and 37'C. Samples were frozen at -20"C and, before they were used

for mass spectrometry analysis water was added in l:5 ratio to reduce the salt

concentration as described in Materials and Methods. The mass spectrum for each time

point was acquired using in house developed software, Tofma, and subsequently analyzed

by ProFound (Figure 16). Peaks and their corresponding peptides were analyzed for their

order of appearance in the presence or absence of alkyl detergent. For the masses that

were not matched using ProFound, tandem mass spectra were performed to identifli the

corresponding peptides. These results show that presence of 14SO¿ accelerates cleavage

of outer capsid proteins o3 and pl, and the same pattem can be observed independently

of the temperature at which the reaction was preformed (Table 2 and Table 3). When

released o3 fragments, generated in absence of detergent, were compared to released o3

fragments, generated in presence of detergent, after 25 minutes of digestion at 32"C and.

37oC there was 25%o and 20o/o difference, respectively in total sequence coverage. hr the

presence and absence of detergent, atboth temperatures, the first peptide released is an 8

amino acid long fragment corresponding to the C-terminus of themajoroutercapsid
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Figure 16. Peptide mapping of tryptic TIL virion digests.

Purified TlL virions were digested with trypsin in presence and absence of detergent at

32"C and 37"C. Viral protein tô enzyme ratio was 1000:1. At various time intervals,

aliquots were removed and analyzed by MALDI QqTOF mass spectrometry. To identiff

the peptide fragments from the mass spectra, the NCBIff virus database was searched

against the mlz of monoisotopic ions using the ProFound prograrn

(http://hsi.proteolne.calprowl/knexus.html). Initial peptides released at both temperatures

in presence and absence of detergent are same; they only differ in the time of appearance.

Peptide fragments in blue identiff ¡rl fragments; peptide fragments in red identi$ o3

fragments. Only the first few spectra of TlL digestion are shown for clarity (for details

see Table 2. and Table 3.).
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Table 2. Peptide products* from a time course digestion of o3 and pll¡tlC from TlL
vrnons at32'C.

fryps¡n Trvpsin

Time 32oC no D 32oC with D Time 32"C no D 32oC with D
lminl o3 ul o3 ul (min) o3 u1 o3 lr1

0.5 695-703 203-208 695-703 10 23-34 -22

695,704 67-72 73-90

1 79€0 98-120
1.5 695-704 187-202 91€7 98-122

20s-213 123-143 268-287

248-259 187-196.tailnn
2 123-143

rei-ìbo
214-234
zi¿:ä.ts
ztit-zsip
eii-sà6'

214-236
iaü-zsl
zäiaià
ãis-s26

20 197-208 79-96

2.5 248-259 23-34 214-234 157-202
79-90 240-247 260-281

14/,-162 282-291 282-291

297-310 298.310 298€10
298-312 298-312 311-326

349€65 25 327.326 1-22
3 209-213 282-287 95-1ll

ião-ise a5 65-72
øt:zz 202-240

91-97
lsl-zo8
2Aß-255
isa-iet

653661
es¿ieà
66r€éi

*Peptides are listed as individual peptides but only in case marked as "4" in the table

when numerous paptides were identified, they are listed as a range;

32"C no D- without 14SO4 detergent;
i

32"C with D- in presence of l4SO4 detergent.
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Table 3. Peptide products* from a time course digestion of o3 and pll¡tlC from TIL
vlnons at37'C.

*Peptides are listed as individual peptides but only in case marked as "a", "b","c"

and o'd" in the table when numerous paptides were identified, they are listed as a

range;

37oC no D- without 14SO4 detergent;

37"C with D- in presence of 14SO¿ detergent.

Trvpsin
Time.
(min)

frvosin

Tiqe.
(min)

37"C no D 37"C lrith D 37oC no D 37oC with D

o3 ul o3 ul o3 ul o3 ul
0.5 695-703 20 73-78

ñi-só-
't-22

1 695-703 65-72

1.5 695-704 203-208 79-96 67-72

2 203-208 209-213 98-120 14ø,-162

20s-213 241-255 '|.21-143 197-202

248-259 14-162 197-208

2-5 241-259 123-143 260-281 260-281

313-326 197-208 268-287 282-287

214-234 282-n1
ãez-ã1õ214-236

248-259 298-310

3 297-310 298-312

5 123-143 23-34 31 1 -326

z',t4-234 79.90 25 98-120 1-22

214-236 121-"143 s8-1?2 'l-23

297-312 187-196
lBi-toi
313-326
927-365
349-365

268:291 95-1fi
112-119
120-128
tiz:tili"
'176-188

10 1-22
øsi-zz

73-78
gì-gi

193.201

283-293

67-72 241-247 496.503

79-122 a 504-542

187-208 b 6s3661

268-291c 654661

298-312d
- sii-izõ-

6s4662
662666
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Figure 17. Time course enzymatic digests of TlL o3 and pl outer capsid proteins at

32'C and 37'C in presence and absence of detergent.

Diagrammatic representation of iryptic time course digestions in presence and absence of

14SO¿ detergent at 32'C and 37"C. Light blue: undigested o,3, green: undigested pl,

red: peptides identified by MS or MSA{S, light blue areas with bars: non-identified

peptides, no D: without detergent, with D: in presence of detergent.
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Figure 18. X-ray crystallographic structure of the pl/o3 heterohexamer.

The original crystal structure of the pllo3 heterohexamer determined by Liemann et al.,

2002 (PDB IJMLI) was manipulated using PyMol (Delano 2004).panel A. shows trlptic

fragments of TIL in absence of 14SO+ and panel B. shows tryptic fragments of TlL in
presence of 14SO¿ at 32'C- The left side panel shows top views and the right side panel

shows side views. Three o'3 monomers (in green) sit on top of a pl trimer (in grey). The

f,rrst tryptic peptide (203-208 shown in red) of TIL digestion (identified at 32oC and

37'C) is same in presence and absence of detergent. One difference is that in the

detergent reactions, the first peptide is detected earlier in the time course of digestion (see

Table 2. and Table 3'). Subsequently identified tryptic fragments (shown in yellow,

orange and blue) in panel A. are released within 3 minutes. In the panel B. only peptides

(in yellow and orange) released within 2 minutes are marked because there are too many

as time progresses' Since similar results are obtaine d, at 37'C of TIL tr¡,psin digestion in

presence and absence of detergent, they are not shown. At 20 minutes of digestion, a

larger area of o'3 sequence is cut in presence than the absence of 14soa at both

temperatures. For detailed time-peptide release see Table 2. mdTable 3.
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protein pl (Table 2 and Table 3). After that, o'3 is proteolytically digested at both

temperatures, in the presence and absence of 14SO¿, but the cleavage is much faster in

presence of detergent than without. This difference in the rate of o3 cleavage in the

presence of alkyl detergent is more evident at 32'C where trypsin cuts much faster,

although the optimal temperature for enzpe activity is 37'C (Table 2 and Figure l7). At

25 minutes additional pl peptides were identified in presence of detergent but not

without detergent at both temperatures. Results are summarizedin Table 2,Table 3 and

Figure 17. The first o3 peptides released are similar with or without detergent, at32" and

37" (Figure 18 and see Table 2, Table 3). Trypsin is initially cutting, in presence and

absence of detergent at both temperatures, within a hypersensitive region which suggests

that this region does not get buried in the presence of detergent. These results are

consistent with SDS-PAGE analysis (Figure 15) which shows faster digestion of outer

capsid proteins, but mass spectrometry gives more detailed information on cleavage

kinetics.
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4. DISCUSSION

Reovirus is a non-enveloped virus and, as such, has to remain stable during the

extracellular portion of .the replicative cycle, and at the same time, has to be able to

disassemble following intemalization into host cells. In order to survive between these

two stages of viral life, non-enveloped viruses build a protein capsid that protects its

genome while in transit. Therefore viral proteins that form capsid have to build a secure

shelter while the virus is outside the cells, and on the other hand, have to go through

conformational changes and associational reanangements as the virus progresses through

its replicative cycle. Reovirus is particularly useful for examining such alterations at a

molecular level because the virus is akeady known to undergo conformational changes

during its replication to yield subviral particles whose detailed structures are already

known. It is known that mammalian reovirus yields two distinct structural forms, ISVPs

and cores, obligate subviral particles in the viral cycle fNibert and Schiff 2001). The

transition from one morphological form to another is a multistep process and not fully

delineated. The focus of this study is to better understand conformational changes in the

two proteins in the outer capsid, o3 and pl, that happen along the virus to ISVP

transition pathway and to associate these changes with corresponding changes in

function. The outer capsid of mammalian reovirus contains three proteins, o1, pl, and

o'3, and is important for particle stability and entry. Reoviruses require endocytic uptake

and exposure to acid-dependent proteases or acidic pH to productively infect host cells

(Canning and Fields 1983; Sturzenbecker et al., 1987; Bear and Dermody 1997). It is

believed that reovirus enters cells by receptor mediated endocytosis, but virus entry itself
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is not sufficient for productive infection. In order for virus to produce new yields, surface

proteins need to be proteolytically processed, and this subsequently enhances

internalization and leads to virus multiplication. When reovirus is internalized within late

endosomes or lysosomes, viral'outer capsid proteins o3 and pllplC are subjected to

proteolysis by endocytic proteases, resulting in the generation of ISVPs. During this

process, o3 is degraded and lost from virions, viral attachment protein o'l undergoes a

conformational change and pl/¡tlC is cleaved to form particle-associated fragments

plôið and $ (Silverstein et al., 1972; Borsa et al., 1979 Bear and Dermody lggT).

Because ISVPs are obligate intermediates in reovirus disassembly, and the transition

from virion to ISVP is multistep process, the capture of intermediate particles that lie

part-way between virus and ISVP was possible by digesting TlL virus with a low

concentration of a-chyrnotrypsin and trypsin. When run in SDS-PAGE, these particles

showed gradual cleavage of o3 and ¡rllplC as time of treatment progresses (section 3.1.

and 3.2). Data from these experiments showed that particles that still had some o3 left

and most of the pllplC intact (10 minute particles; Figures 4C and 5C) were able to

multiply and produce nev/ yields in the infectivity experiments with E64 protease

inhibitor. Results seen in infectivity experiments without detergent could have been due

to cleavage of both o3 and pl/¡tlC or to the presence of an ISVP subpopulation in these

digests. \

To separate o3 cleavage events from pllplC cleavage events and to answer the

question of whether or not an ISVP subpopulation was present in the digests, the alkyl

detergent 14SO¿, which accelerates o3 cleavage and at the same time blocks pllplC

cleavage was used. It had been shown previously that pllplC is not needed for virus
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entry when particles produced by o-chymotrypsin digestion in presence of l4SO¿, which

had o3 cleaved but not the pllplC, were able to infect host cells and produce new virus

particles (Chandran and Nibert 1998). By using low cr-chymotr¡psin concentration at

lower temperature, subViral partitles that had pl/¡t|C intact but also not all of the o'3

cleaved were produced. 'When 
these particles were used in infectivity experiments with

E64 protease inhibitor, they were able to grow in the cells, although they still had

approximately 100 copies of full length o3 left in the outer capsid. These data suggest

that not all of the o3 needs to be digested in order for virus to gain entry into the cells and

produce progeny virus, and they support earlier findings that the cleavage of pllplC is

dispensable for reovirus entry. In addition, they show that 14SO+ does not mimic the

early phases of the p|lplC-phospholipid membrane interaction in order to facilitate

reovirus entry. Even though particles used in this infectivity experiment were produced

by proteolysis in presence of 14SO+ which blocks ¡rl/plC cleavage, so that digests

should not have ISVPs present, there is still a possibility that 14SO+ did not block the

proteolysis of protein(s) on all of the particles.

To address the possibility of having an ISVP subpopulation in the digests,

immunoprecipitation experiments were performed. Seven different T3D-o3-specific

monoclonal antibodies (Virgin et al., 1991) were produced and attached to SPA beads. In

control experiments, all of the antibodies bound both intact TlL and T3D virus, and none

of them bound TIL or T3D ISVPs. These results are expected, first because antibodies

are o3 specifîc and intact virus has o3 present in the outer capsid whereas ISVPs have o3

removed from the outer capsid. Secondly, TIL and T3D o'3 share approximately 97Yo

identity. When TlL virus was digested with ø-chymotrypsin in presence of 14SO¿ to
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produce 5 (sdpTll-), 10 (l0dpTll) and 15 (lsdpTll-) minute particles with specified

amount of o'3 protein present in the outer capsid (the amount of o3 was quantified using

Scion Image Beta 4 program) immunoprecipitation experiments were performed. These

three time point particles were used because at 5dpTll, there is still enough of o.3

present in the outer capsid to obstruct particles from growing in presence of E64 or

acidification inhibitors. However, lOdpTll have a sufficient amount of o3 cleaved in

order for particles to grow in the presence of F;64 and acidification inhibitors. l5dpTll.

particles treated with E64 reached the same titre level as non-treated particles and, have

the same growth pattem as real ISVP particles. When 5dpTlL and 10dpT1L particles are

used in immunoprecipitation experiments, 10C1 MAb showed a relatively strong and

consistent amount of virus bound, and the same antibody was able to bind the greatest

amount of intact TlL virus. Less virus was bound by 5C3, which was able to bind most

of the intact virus in the T3D immunoprecipitation control, and also by 7Al and 8Hl

MAbs. A comparison of the total number of viral particles used in the TlL control

immunoprecipitation, the amount of intact virus that was actually bound by the l0Cl

antibody to the total number of 5dpTll., l0dpTll. and 15dpT1L particles, and the

amount bound by 10C1 showed that the amount of viral particle bound by this MAb was

same in the control and in the 14SO¿ digested particles which suggests that there is no

ISVP subpopuiation in the digests. If there was a subpopulation of ISVPs, to cause an

increase in number of particles with increasing time of digestion, the number of particles

bound by 10C1 antibody would decrease going from 5 to 15 minute digests. However,

5dpTlL, 1OdpTlL and l5dpTlL showed a consistent amount of viral particles bound by

10C1. Also, the total number of 15dpTll- particles bound by all seven MAbs increased,
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compared to 5dpTll and 10dpT1L immunoprecipitations, again suggesting that there is

no ISVP subpopulation. All of this indicates that growth of l0dpTll and l5dpTll. in the

infectivity experiment with E64 is because a sufficient amount of o3 is digested making

this protein a crucial faotor for reovirus entry and infectivity. These immunoprecipitation

experiments also show that outer capsid protein o3 goes though conformational changes

during.proteolysis (see cartoon representation Figure l4). MAbs 8F12, 10G10, 4F2

barely precipitated any 5dpTlL and 10dpT1L particles. If one compares binding by these

same antibodies when immunoprecipitation was done with 15dpT1L particles, all of the

antibodies precipitated viral particles, which indicates that the epitope (4F2 recognizes

Gluuo-Arg12e) recognized by these antibodies gets buried, and as digestion progresses

with time, the same epitope gets re-exposed and MAbs are able to bind partially digested

particles.

The same particles produced by digestion with a-chymotrypsin in presence of

14SOa, used in the F,64 infectivity experiment, were further biochemically tested in the

presence of chloroquine and NH¿CI, both acidification inhibitors, and chlorpromazine

and MBCD, both endocytosis inhibitors. It has been shown that infection with ISVp (see

characteristics in 1.3.) and dpISVP (particles that have o'3 cleaved and pllplC intact) is

not blocked by acidification inhibitors, whereas infection with intact virus in the presence

of the same inhibitors reduced infectivity by approximately 200-fold (Figure 7). Both

ISVPs and dpISVPs lack o3 structural protein in tfre outer capsid. Particles produced in

this study still had approximately 100 copies of o'3 left in the outer capsid and intact

¡tL/¡tIC. When those particles were used to infect cells in presence of acidification

inhibitors, they started growing similar to the non-treated control when a sufficient
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amount of o'3 had been digested. This was consistent with the E64 infectivity experiment.

These results suggest that o'3 is actually a crucial factor that determines whether specified

particles will be able to grow in the presence of acidification inhibitors depending on the

amount of o3 present in the outer òapsid.

Endocytosis occurs by clathrin-dependent as well as clathrin-independent

mechanisms. It is believed that reovirus enters susceptible cells by clathrin-mediated

endocytosis, and ISVP particles are able to enter either by clathrin-mediated endocytosis

or by directly penetrating the cell membrane (Nibert and Schiff 2001). Chlorpromazine is

a drug that blocks clathrin-mediated endocytosis (Wang et al., 1993; reviewed in

Sieczkarski and Whittaker 2002a), so virus infection should have been blocked but not

the infection with ISVPs. MBCD blocks caveola-mediated endocytosis by sequestering

cholesterol from plasma membrane, and there is disagreement in the literature whether it

also affects clath¡in-mediated endocytosis (Neufeld et al., 1996; Orlandi and Fishman

1998; Rodal et al., 1999). The effect of MBCD inhibitor on reovirus has not been reported

previously. When the same particles were used to infect cells in presence of

chlorpromazine or MpCD, there was no major difference in titre compared to the virus or

ISVP control. Virus and ISVP controls treated with chlorpromazine did not show the

expected difference in growth, which is probably due to the low specificity and high

toxicity of this drug. lnfections with intact TlL virus, TlL ISVPs and same TlL

detergent digests used before (Figure 6A) barely showed any growth in the L929 cells in

presence of MBCD. This is due to the high toxicity of the drug concentration used (10

mM MBCD) on the L929 cells. When HeLa cells were infected with intact TIL virus and

TIL ISVPs in the presence of l0 mM MPCD, a 1000-fold difference was seen (Figure 8).
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This reduction of growth in cells infected with intact TlL virus in presence of MBCD

could have several explanations 1) inhibition of caveola-mediated endocytosis by MBCD

and that reovirus in fact also uses this pathway for entry and ISVPs are able to grow since

they directly penetrate plasma mèmbrane, 2) in caveola-mediated endocytosis resulting

vesicles that are formed avoid lysosomes and do not become acidified so even if reovirus

entry into the cells is not blocked virus still needs to be digested for productive infection

whereas ISVPs are already proteolytically digested and ready to multiply, 3) MBCD is

not specific and also affects clathrin mediated endocytosis. To be able to answer these

questions immunofluorescence should be done, which would allow us to distinguish

blockade of virus entry from possibility of virus being able to enter into the MBCD

treated cells but not able to multiply since it needs to be proteolytically digested. Because

reovirus requires lysosomal enzymes for uncoating, it probably does not use caveola-

mediated endocytosis to enter cells. But this still leaves the possibility that this drug is not

specific and also affects clathrin-mediated endocytosis, which is why

immunofluorescence is an important next step in order to answer these questions.

The presence of the alkyl detergent, 14SO+, in digestion reactions accelerates

cleavage of o'3 protein, and in order to analyze in more detail protein digestion in

presence of detergent, tight controlled time digestions were conducted and analyzed by

mass spectrometry. It would be of greater interest if it was possible to examine protein

digestion of TIL virus by u-chymotrypsin in presence and absence of l4SOa by mass

spectrometry since in that case pllplC is not cleaved. However a high specificity

cleavage agent (such as trypsin, because it cleaves at the carboxylic side of only 2 amino

acids; Arg and Lys) produces a relatively flat distribution of peptide sizes, ideal for
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fingerprinting by MALDI. Unfortunately, cr-chymotr¡psin is a low specificity (because it

cleaves at the carboxylic side of 4 amino acids; Phe, Tyr, Leu and Trp) cleavage agent

and produces less than lo/o of all peptides that are longer than 20 residues and 70o/o of

peptides that are between I and 5 amino acids long. Thus in a mass spectrum, peaks for

small peptides crowd low mass region, resulting in extensive overlapping which is why

cr-chymotrypsin is not good for MALDI fingerprinting (Matrix Sciences 2004). SDS-

PAGE of TlL virus digested with trypsin in presence of l4SOa showed accelerated

cleavage of both outer capsid proteins o3 and pl/¡tlC. Trypsin is more specific enzpq

therefore, MALDI-QqTOF mass spectrometry analysis was used to get more detailed

information about TlL proteolysis under those conditions. The mass spectrometry results

confirmed SDS-PAGE results that cleavage of o3 and pl/plC is accelerated in presence

of detergent. This acceleration in presence of detergent can be seen at both temperatures,

37oC and 32'C. The difference is more obvious at 32"C where many more peptide

fragments were identified at earlier time points in the presence of 14SO¿ compared to the

digestion in the absence of detergent even though optimal temperature for trypsin

function is 37oC. When o3 fragments released in absence and presence of detergent were

compared after 25 minutes of digestion at 32"C and 37"C there was 25% and 20%

difference, respectively, in total sequence coverage. The first fragment released at both

temperatures, . 
in the presence and absence of detergent, was an 8 residue peptide

corresponding to the ¡r1 C-terminus. Following this initial pl fragment, o3 peptides are

detected up until 25 minutes of digestion in presence of detergent when pl fragments

again start to appear. This is seen only in presence of detergent. The reason for this

appearance of pl fragments in presence of 14SO¿ is because o3 is completely digested
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and is not covering, and thus protecting, pl. Trypsin initially cuts within a h¡persensitive

region at both temperatures in presence and absence of detergent which suggests that this

region does not get buried in the presence of detergent. Because viral proteins are cut at a

much faster rate, some protein rèarrangements must have happened. Peptide fragments

detected in presence and absence of detergent are similar, and even though there are some

differences in their time of appearance, the differences are not large enough to allow

attribution to a conformational change caused by the detergent. These differences could

be present simply because of experimental variation or of peptides being cut but

complexed in such a way as to result in release at different times and frequencies. These

data also show that the interference with ¡rl/¡rlC cleavage by 14SO+ is specifrc to a-

chymotypsin, possibly because in trypsin, digestion of pll¡rlC precedes o3. This initial

cleavage may unbolt pl and elicit a conformational change in the ¡lllplC protein

interfering with protective micelle formation and rendering it hypersensitive to protease

digestion. As shown earlier, mutation in the C-terminus of o3 plays an important role in

determining its susceptibility to proteolytic attack (Wilson et al., 2002). This indicates

that the C-terminus conformation acts as a block to protease cleavage which allows the

conclusion that it is the release of the block and the initial trypsin cleavage of the pl C-

terminus that leads to a cascade of conformational changes which enables processing of

this protein even in the presence of detergent.

4.1. Future directions

As usually happens when one looks at a problem more and more, new questions

and this study is no different. Many things can be done to take this study a stepanse,
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fuither. Reovirus uncoating happens in a stepwise fashion and is facilitated by acidic pH

and proteolysis, which is mediated either by extracellular proteases, in the intestinal

lumen, or by intracellular lysosomal proteases. Digestion experiments used in this study

were designed to mimiçthe natùral processes of initial reovirus uncoating, going from

intact virion to ISVPs. Previous digestions performed in other labs were done with high

eîzp? concentrations, which quickly removed all o3 from the outer capsid (Chandran

and Nibert 1998). By contrast this study used lower concentrations of proteases to

produce intermediate particles that lie part way between virus and ISVP. The main

characteristic of particles produced in this way is that they still have some of the o3

present in the outer capsid but yet acted like authentic ISVPs. The immunoprecipitation

experiments indicate that the ability of particles, with prl/plC intact and some o3 present

to grow in presence of F,64 and acidification inhibitors is not due to presence of an ISVP

subpopulation. Monoclonal antibodies used for the immunoprecipitation are o3 specific

as characterizedby Virgin et al., 1991, but unfortunately, they are not charactenzed to the

point of epitope identity (except 4F2).It would be very beneficial to further charactenze

those MAbs, and precise epitope characterization can be done by using mass

spectrometry. Identification of the exact o3 epitope will directly confirm presence of

conformational changes seen in the Figure 12. Further, it will substantially confirm that

there is no subpopulation of ISVPs present in the digestions. Epitopes recognized by

different antibodies are not same (as is evident from the immunoprecipitation results) and

knowledge of the different epitopes could lead to clarification of the o3 threshold; that is

how much protein must be removed to allow a particle to behave biologically as ISVP.

Experiments performed using T1L can be extended by examining digestion of T3D
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virions and drawing comparisons between the two types. V/ill T3D behave the same way

in the digestions in presence of detergent? However, a problem in using T3D digested

particles in the infectivity experiments may arise because digestion of T3D with 6¿-

chymotrypsin and tr¡psin causeò ten fold decrease in infectivity due to o1 cleavage

(Nibert et al., 1995). But the concentrations of enzymes used in that report were much

higher than what has been used in this study. In the case of a-chynotrypsin they used 20

times higher concentration than what I used. It is also known that some other alkyl

sulphates, but not 14SO¿, enhance ol cleavage (Chandran and Nibert 1998). Because the

T3D ol is already protease sensitive, the low enzyme concentration combined with alkyl

sulphate might rapidly cleave o'1. A possible solution to this problem might be to use a

TlL and T3D reassortant with all of the genes from T3D except the gene encoding o1

from TlL for example.

Experiments with intact virus, ISVPs and partially digested particles can be

extended to include endocytosis inhibitors that are more specific and less toxic. For

example as an alternative to chlorpromazine, potassium depletion combined with

hypotonic shock might be used as a more specific and less toxic means of inhibiting

clathrin-mediated endocytosis (Madshus et al., 1987; Bayer et al., 2001). Dominant-

negative mutant versions of cellular proteins also provide a more specific way to analyze

the function of clathrin-mediated endocytosis. When expressed at high levels, dominant-

negative mutants act by overwhelming the wild{ype protein and preventing its function

(Roy et a1.,1,999; Pelkmans and Helenius 2001). The infectivity experiments with MBCD

(an inhibitor of caveola-mediated endocytosis) treated cells need to be supplemented with
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immunofluorescence to distinguish if the drug actually blocks intact virion entry but not

the ISVP's entry (see Discussion and Results section 3.3.5.).

MALDI-QqTOF mass spectrometry analysis should also be extended to T3D.

Because there is already-evidencè of a difference in the ol cleavage in T3D and with o3

first cut between TlL and T3D, a tight time controlled proteolysis in conjunction with

mass spectrometry would offer more detail information and would give new data to draw

comparison between two types.

Experiments outlined in this section would provide new data in the

charactenzation of outer capsid protein changes and add new information to the growing

knowledge on the reovirus entry and life cycle in general. In addition, data gained from

reovirus research can be used as a model for other non-enveloped viruses and aid in the

future endeavors in the common goal to better understand viral-host cell processes and

possibly lead to the development of ant-viral and oncolytic therapies.
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