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Abstract

ABSTRACT

Members of the Bunyaviridae family are known to mature and bud at the Golgi

complex which is pre-determined by the location of the viral glycoproteins. While this

dogma has been well accepted for Old World (OW) hantaviruses, it has been challenged

with respect to New World (NW) hantaviruses (Ravkov et al., 1997). The present study

addresses the localization of the glycoproteins of Black Creek Canal virus (BCCV), a

NW hantavirus, by using recombinant expression systems.

Individual expression of BCCV Gl resulted in Golgi localization whereas

individual expression of BCCV G2 localized in the ER. Furthermore, both G1 and G2

glycoproteins were not detected on the plasma membrane. To further understand the

mechanism of Golgi targeting by BCCV G1, GFP-hantaviral glycoprotein fusion proteins

were constructed. When the cytoplasmic tail of BCCV Gl was fused to GFp and

expressed, a Golgi pattem was observed, suggesting that the cytoplasmic tail of BCCV

harboured a Golgi targeting signal. Removal of the hydrophobic carboxyl-terminal

amino acids [which makes up the BCCV G2 signal peptide (SP)] resulted in a substantial

reduction in Golgi targeting, suggesting that the G2 SP is the primary Golgi targeting

signal which may work in conjunction with a weaker secondary signal located in the

remainder of the BCCV Gl cytoplasmic tail. To investigate the nature of the signal, the

G2 SP was replaced with an influenza virus (INFV) SP. Following expression, this

fusion protein was located in the Golgi, signifying that the Golgi targeting signal of

BCCV was not sequence specific; rather, the hydrophobicity ofBCCV was essential.



ln conclusion, the results from this study indicate that NW hantaviruses have a

similar glycoprotein processing pathway as OW hantaviruses. Thus, it appears that as

with all other bunyaviruses, the maturation of Nlv hantaviruses occurs mainly at the

Golgi membranes.



Introduction

1 INTRODUCTION

1.1 History and Geographic Distribution

Hantaviruses are known to cause worldwide human illness. The first documented

cases occurred during the Korean war (1950-1953) where approximately 3000 uN

soldiers were affected and the mortality rate was 7-10% (Hart & Bennett, 1994;

McCaughey &. Hart, 2000; Johnson, 2001). At the same time, a similar disease was

occurring in scandinavia and ussR called, nephropathia epidemica (Hart & Bennett,

1994; Johnson, 2001). The first hantavirus was isolated from the striped field mouse

Apodemus agrarius in 1978 (Lee et al., 1978; Mccaughey & Hart, 2000). Hantaan virus

(HTNV) was deemed the sole agent (and prototlpe) responsible for the disease during the

Korean 1ffar, now called Hemorrhagic Fever with Renal Sl,ndrome (HFRS) (Mefz e/ øt,

1997; Lee et al., 1978), since the discovery of HTNV, several other HFRS causing

agents have been discovered such as seoul virus, Dobrava virus and puumula virus;

collectively, these viruses are termed old world (ow) hantaviruses which cause HFRS.

Today, ow hantaviruses cause between 150 000 to 200 000 hospitalized cases ofHFRS

annually and the mortality rate hovers between 1-15% (Simmons & Riley, 2002). The

majority of cases reported are from china, although a significant but unknown number

are diagnosed in Korea, Russia, the Balkans, westem Europe and scandinavia (Simmons

and Riley, 2002) (Table 1).
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Despite the "eastem" localization of FIFRS, human hantavirus disease has found

its way to the New world in the form of another distinct clinical disease: hantavirus

pulmonary syndrome (HPS) Q.{ichol et a1.,7993; Simmons and Riley, 2002). The virus

which causes HPS was first recognized in May of 1993 in the Four comers area of New

Mexico, utah, Arizona and colorado, after a cluster of deaths occur¡ed (Nichol et a/.,

1993; Duchin et al., 1994; McCaughey & Hart, 2000; Johnson, 2001). Hantavirus

infection was suspected and was confirmed when the etiologic agent of this new disease

was isolated fiom the rodent reservoir peromyscus maniculatis (Johnson, 2001). sin

Nombre virus (sNV) was deemed responsible for Hps and was recognized as the

prototype of New World (NW) hantaviruses (Nichol et at., t993; Johnson, 2001). Since

the discovery of sNV in 1993, approximately 400 cases of Hps have been reporled in

North America (http://www.cdc.gov/ncidod/diseases/hanta/hps/noframes/caseinfo.htm)

and the mortality rate has been approximately 40% (Simmons and Riley, 2002).

Following the identification of sNV, many other NW hantaviruses have been discovered

throughout North and south America such as Black creek canal virus (BCCV), Bayou

virus and Andes virus (Meyer & Schmaljohn, 2000) (Table 1).

With respect to Canada, according to Drebot et at., (2000), the ubiquitous deer.

mouse, Peromyscus maniculatis is the primary reservoir for sNV. The first case of HpS

in canada was recognized in 1994 originating from British columbia and to date there

have been 41 cases of HPS plus one case which was imported from Argentina (Drebot,

personal communication).
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All of the HPS cases reported have originated from the westem provinces and the

majority were male patients who had acquired the virus through domestic and farming

activities. Since 1994, the number of HPS cases has fluctuated which may be a reflection

of the increased numbers of infected rodents due to the mild winte¡s and increased

breeding capacity. Älthough HPS cases have only been documented in the westem

provinces, seropositive rodents have been found in all provinces except for prince

Edward Island and Nova Scotia (Drebot et al.,2000;Drebot et a1.,2001) (Figure 1).

1,2 Transmission of Hantaviruses

unlike the other bunyaviruses, hantaviruses are carried by rodents and are spread

to humans by aerosolized contaminated rodent excreta (schmaljohn & Hooper,2001;

simmons & Riley, 2002) (Figure 2). Rodents become infected through close contact

with an infected animal and by aggressive behavior such as fighting and biting (Figure 2).

Infected rodents can shed virus in their saliva, feces and urine for as long as one year or

more after infection (Beaty & Calisher, 1991; Simmons & Riley, 2002). Alrhough

considerable amounts of virai antigen can be detected in organs, the rodents remain

asymptomatic (Beaty & calisher, 1991). Humans are usually dead end hosts when they

inhale aerosolized virus from rodent excreta (Figure 2), however cases of human-to-

human transmission were documented in Argentina with the Andes virus (Lopez et al.,

1996; Lopez et al., 1997).
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There is a general consensus that the genetic relationship among hantaviruses resembles

their primary rodent reservoirs (Drebot er a1.,2001; plyusnin & Morzunov, 2001). Thus,

the worldwide appearance of HFRS and Hps reflects the geographic distribution of the

rodent reservoirs (Pilaski et al., 1994; Feldmann, 2000).

1,3 Diseases associated with Hantaviruses

In addition to the different locations of disease occurance, OW and NW

hantaviruses cause very different and distinct diseases. After an incubation period of 4-

42 days, HFRS is characterized by a sudden onset of ,,flulike" s}'rnptoms followed by

renai complications and hemorrhagic manifestations (Mertz et al., 1997) (Table 2). The

first signs of hemorrhaging may occur as a flushing of the face, injection of conjunctiva

and mucous membranes which can rapidly develop into visceral hemorrhage. one-third

ofdeaths occur in this stage due to vascular leakage and acute shock (Feldmann, 2000).

In comparison, HPS is characterized by ,,fluJike" symptoms following an

incubation period of i0-21 days, leading to pulmonary leakage and cardiovascular

collapse (Yotng et al., 1998). Normally death occurs from cardiogenic shock rather than

from respiratory failure even with adequate tissue oxygenation. Although renal failure is

uncommon in HPS, certain HPS causing viruses produce renal complications (Feldmann,

2000; Simmons and Rile¡ 2002) (Table 2).
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1.4 Pathogenesis

In both animals and humans, hantavirus replication occurs predominantly in

endothelial cells and macrophages (Mackow & Gavrilovskaya, 2001). According to

Peters and Iftan (2002), human disease begins with the inhalation of virus particles

which settle in the terminal respiratory bronchiole or alveolus. cellular entry of

susceptible cells is via p3-integrins (receptor for human pathogenic hantaviruses) which

are critical adhesive receptors on endothelial cells and plateiets that regulate vascular

permeability and platelet activation and adhesion. consequently, hantavirus-associated

diseases (HFRS, HPS) primarily affect blood vessels and involve variable degrees of

generalized capillary dilation and edema. A hallmark in hantavirus pathogenesis is an

increased vascular permeability that appears to be due to endothelial dysfunction

(Feldmam, 2000).

In terms of HFRS, the onset of disease is associated with the activation of

complement and by triggering mediator release from platelets and immune effector cells.

Consequently, immune complexes may be involved in vascular injury. The most

dramatic microscopic lesions in HFRS involve the kidneys. Severe HFRS is

characfenzed by abundant protein-rich gelatinous retroperitoneal edema fluid and

hemonhagic necrosis. In addition, vascular disturbances give rise to hypotension and

shock and also appear to account for renal failurc (Feldmann, 2000).

With respect to HPS, it is believed that alveolar macrophages or other susceptible

cells are infected creating a viremia that results in infected pulmonary capillary

endothelium and infection to lesser degrees, of other organs in the body. The host's

11
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immune response to infection includes the secretion ofsoluble mediators such as TNF-o ,

nitric oxide and IFN-a, which have effects on capillary endothelial permeability; this

results in pulmonary edema in the case of HpS (peters & Khan, 2002).

Although HFRS and HPS differ with respect to pulmonary and renavhemorrhagic

manifestations, they both result in increased vascular permeability and acute

thrombocytopenia (Mackow & Gavrilovskaya, 200r). The means by which some

hantaviruses cause hemorrhage or pulmonary edema may be related to virus-specific

differences in terms ofreceptor interaction, alterations in intracellular signaling, the

specific induction of cytokines or the differential regulation of additional platelet or

endothelial cell receptors (Mackow & Gavrilovskay a,2001).

1.5 Diagnosis and Case Management

The diagnosis of hantavirus infections is primarily based on clinical observations

and the detection ofa host specific humoral immune response. The test of choice is the

IgM capture ELISA due to its high sensitivity and specificity. Elevated IgM titers are

usually detected with the onset of clinical symptoms and persist for several weeks befo¡e

they decline over the next 3-6 months (Feldmann, 2000). Additionally, a direct ELISA is

used to detect IgG antibodies that appear concurrently or slightly later than IgM. IgG

titers rapidly increase and can remain for many years.

other detection assays include: 1) RT-PCR fo¡ detection of virus-specific RNA in

urine and blood samples, 2) in situ hybridization and 3) immunohistochemistry, both used

to detect viral antigen or viral RNA in human or rodent tissues (Feldmann, 2000).

t2
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currentiy, there is no specific effective therapy for hantavirus infections and

treatment is mainly supportive (fluid management and ventilatory support). Ribavirin has

been shown to have an in vitro antiviral effect on hantaviruses. The efficacy of ribavirin

(a common antiviral drug) in the treatment of HPS is unclear whereas success has been

reported for HFRS patients (Enria et a1.,2001).

1,6 Biology of Hantaviruses

1.6.1 Momhology

Hantaviruses form their own genus within the famlly Bunyaviridae (van

Regenmortel, 2000). An electron micrograph of hantaviruses shows pleomorphic

enveloped virions, 80-i20 nm in diameter (Figure 3B) (Schmaljohn & Hooper, 2001;

Simmons & Riley, 2002). Surface glycoproteins, Gl and G2, are type I transmembrane

proteins that project from the lipid bilayered envelope and surround th¡ee single-stranded

negative sense genome segments denoted large, medium and small (Schmaljohn &

Hooper, 2001; Simmons & Riley, 2002) (Figure 3A). The large (L) segment encodes the

RNA-dependent RNA polynerase which is responsible for RNA replication and

transcription. Several copies of the virus polymerase protein are believed to be packaged

within each virion and are associated with the virus ribonucleocapsids through non-

covalent interactions (Simmons & Riley, 2002). The medium (M) segment encodes a

glycoprotein precursor (GPC) which is co-hanslationally cleaved to yield two envelope

glycoproteins (Gl and G2).

t3
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The glycoprotein heterodimer of hantaviruses plays a key ¡ole in virus entry (attachment

to the cellular receptor and fusion), a crucial role in maturation and budding of the virus

and as a target for neutralizing antibodies in the host (Simmons & Riley, 2002).

The small (s) segrnent encodes the nucleocapsid protein which encapsidates the

RNA genome segments (Schmaljohn & Hooper, 2001; plyusnin, 2002; Simmons &

Riley,2002).

1.6.2 Replication

Hantaviruses replicate exclusively in the cytoplasm of infected cells (schmaljohn

& Hooper, 2001) (Figure 4). It has been determined that the glycoprotein heterodimer of

human pathogenic hantaviruses binds to p3-integrin (pl-integrin is the receptor for non-

pathogenic hantaviruses), which is a cellular receptor found on susceptible cells, such as

endothelial cells, macrophages and platelets (Gavrilovskaya et at., l99g). Following

attachment, receptor mediated endocytosis and uncoating occurs. primary transcription is

started by the L protein which uses the encapsidated RNA as template to produce positive

sense viral mRNA, which are then translated by cellular ribosomes. The L protein then

switches from primary transcription to replication, producing full-length viral

complementary RNA (viral oRNA) (Schmaljohn & Hooper, 2001). The positive sense

intermediate is then used as template for synthesis of negative sense full-length viral

genomic RNA (vRNA),

15
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In general, it is believed that the glycoproteins are transported from thè ER to the

Golgi apparatus where they accumulate. Maturation of viral particles is believed to occur

at Golgi membranes by the interaction between the glycoproteins and the N protein, the

major component of the ribonucleocapsids. virus particles bud into the Golgi cisternae

and are then released at the plasma membrane by exocytosis (schmaljohn & Hooper,

2001).

L6.3 ProteinP¡ocessins

The glycoproteins Gl and G2 are the only products of the M segment and are

produced when the glycoprotein precursor is cleaved by a signal peptidase. Gl and G2

are type I transmembrane proteins, thus they are anchored in the membrane by

carboxyterminal hydrophobic domains. Both glycoproteins are N-glycosylated with

mainly endoglycosidase H sensitive carbohydrates ofthe high mannose rype (Anlic eî al..

1992; Pensiero &Hay, 1992; Plyusnin & Morzunov, 2001). Typically, one would expect

that the carbohydrates would change to complex once in the Golgi rendering them no

longer endoglycosidase H sensitive, but this is not the case (Schmaljohn, et at., 19g6;

AnIic et al.,1992).

In general, the hantavirus Gl glycoprotein possesses a hydrophobic signal peptide

(16 -23 aa) at the amino-terminal end (Plyusnin et al., 1996). It is well known that the

hydrophobic signal peptide is responsible for mediating translocation of the protein into

the ER and is then cleaved off (Doms et al., 1993) (Figure 5).

t'7
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The ectodomain of Gl is approximately 450 aa in length followed by a 75 aa

hydrophobic membrane-associated domain in which the exact topology through the lipid

bilayer is unknown; this is followed by a cytoplasmic loop (approximately 130 aa) and a

second 23 aa hydrophobic signal peptide which serves as a siglal sequence for G2 (Lober

et al.,2001) (Figure 5). The highly conserved WAASA motif is at the c{erminus of Gl

after which cleavage occurs. Gl has an unusually long cloplasmic tail, approximately

131 aa and it may function as the matrix protein thus interacting with the nucleocapsid

protein or with the virion RNA (Spiropoulou et at., 1994; plyusnin et at., 1996). In

comparison, the ectodomain of G2 is approximately 450 aa, followed by 30 aa

hydrophobic region and a short but highly charged cytoplasmic tail (9 aa) (spiropoulou er

al., 1994; Plyusnin et al., 1996) (Figure 5).

1.7 Intracellular Budding of Old World and New World Hantaviruses

An essential step in the life cycle of hantaviruses, and for that matter, all

enveloped viruses, includes acquiring a lipoprotein coat by budding though one of the

cellular membranes (Pettersson & Melin, 1996). Enveloped viruses have elucidated

many different ways of carrfng out this crucial step. For example, rota- and flaviviruses

mature at the endoplasmic reticulum while rhabdo-, paramyxo- and retroviruses mature at

the cytoplasmic membranc. In comparison, bunya-, corona- and rubella viruses bud from

the Golgi apparatus (Pettersson & Melin, 1996). rt is believed that the site of budding

and maturation is dependent on the accumulation of one of the envelope proteins in the

budding compartment (Pettersson & Melin, 1996). Amino acid sequence motifs on

proteins are responsible for determining localization of membrane proteins (stanley,
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1996). These are called targeting or signaling motifs which may act as binding sites fo¡

other proteins which confer these properties (Stanley, 1996).

It is accepted for HTNV, the prototype ow hantavirus, that the heterodimeric

glycoproteins are targeted to the Golgi complex from where virus assembly and

maturation occurs (Pensiero &. Hay, 1992; Ruusala et a1.,1992; Shi &

Elliott, 2002; A¡reier et al., svbmiïed). while the fate of the heterodimeric

glycoproteins is established, the intracellular localization of the individually expressed

HTNV glycoproteins is not well understood. For example, pensie¡o and Hay (1992) and,

Anlreier et al., (submitted) demonstrated that when HTNV Gl is expressed alone, it is

retained in the Golgi, while HTNV G2, expressed individually, is retained in the ER. In

contrast, Ruusala et al., (1992) and Shi and Elliott (2002) showed that both HTNV Gl

and G2 when expressed alone are retained in the ER.

A¡heier er a/., (submitted) demonstrated that Golgi localization of the Hantaan

virus Gi was dependent on the cytoplasmic domain and independent of

heterodimerization with G2. Furthermore, ER localization of Hantaan virus G2 was

independent of its transmembrane and cloplasmic domains and export of G2 was

dependent on heterodimerization .,vith Gl. Likewise, glycoproteins of other members of

fhe Bunyaviridae ramily demonstrate Golgi targeting. For example, a short region within

the cytoplasmic tail of the G1 glycoprotein for uukuniemi virus (Genus pli lebovirus) was

responsible for mediating Golgi targeting (Andersson & Pettersson, 1998).
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1,8 Objectives and Hypothesis

In 1997, Ravkov and colleagues showed that infection of vero E6 ce s 
'vith

BCCV resulted in BCCV assembly at the plasma membrane, BCCV glycoprotein

expression at the plasma membrane and BCCV release from the apical side of polarized

ve¡o cells. This study provided the first set of data to suggest a new mechanism of virus

maturation for NW hantaviruses. If NW hantaviruses possess a different means of

budding, the glycoproteins should be targeted to different subcellular compartments.

The present study was established to study expression and targeting of NW

hantavirus glycoproteins. BCCV was chosen for this study since it was the virus that was

shown to bud at the plasma membrane by Ravkov et at., (1997). By choosing the same

virus, this would allow for direct comparison. BCCV, named after the geographic

landmark near to the rodent's capture site, was isolated in i995 from the rodent

sígmodon híspidus and was deemed responsible for a Hps case in Florida in 1994 (Rollin

et al., 1995). It is hypothesized that BCCV glycoproteins will be targeted to the plasma

membrane to facilitate maturation of virus particles at this particular compartment. To

test this hypothesis, the BCCV glycoproteins will be expressed in eukaryotic cells by

transfection of plasmid DNA. The subcellular targeting of the glycoproteins will be

analyzeð' by immunofluorescence, double immunofluorescence, cell fractionation in

combination with immunoblotting and carbohydrate analysis using specific

endoglycosidases.

Our group previously demonstrated (Anheier el a/., submitted) the importance of

the cytoplasmic tail of G1 and G2 for subcellular targeting of HTNV, the prototype OW
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hantavirus. In an altemate shategy, fusion proteins will be generated between the green

fluorescent protein (GFP) and specific domains of the BCCV glycoproteins. The

subcellular localization ofthese fusion proteins will be analyzed as described above.

GFP originates from the jellyfish Aequorea victorit and, is naturally fluorescent

(Stearns, 1995; sacchetti et al., 2000). GFp is chosen as a fluorescent tag since it

possesses several useful properties: its fluo¡escence is not species-specific, it does not

require any unusual cofactors, the protein is relatively small (2g kD), it does not form

multimers that might interfere with the function of the protein to which it is fused

(Steams, 1995), and most importantly, GFp tagging permits protein movement to be

followed in living cells (Chalfie, 1995; Sacchetti et a\.,2000).

It is well known that hantavirus glycoproteins are difficult to express

(spiropoulou, 2001; Anheier, personal communication). As an altemative approach to

studying BCCV glycoprotein expression and localization, the semliki Forest virus

expression system will be used. SFV is a member of the Alphavirus genus within the

family Togavirídae (van Regenmortel, 2000; Schlesinger & Schlesinger, 2001). It was

originally isolated from mosquitoes and is spread by mosquitoes to rodents and birds.

sFV is classified as a mild human pathogen and is considered a biosafety level 2 agent

(Liljestrom & Garoff, technical manual 2nd edition). several features of the sFV

expression system make it an ideal cDNA expression system. First, the SFV RNA

genome is infectious due to its positive sense polarity thus it functions directly as mRNA.

secondly, sFV can infect a wide variety of cell types. In addition, sFV replication

occurs in the cell cfloplasm, which eliminates problems which may arise with nuclear
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replication such as mRNA splicing. Lastly, the RNA replication is efficient and leads to

a high expression of the viral proteins (Liljestrom and Garoff, 1 991).

1,9 Significance of the Study

An unusual method of plasma membrane budding has been suggested for

hantaviruses (Ravkov et al., 1997). The present study will enable us to test this

hypothesis using a recombinant expression system.

The implications of these studies are immense as they will provide new

knowledge about the viral life cycle, specif,rcally pertaining to the glycoprotein

processing and virus maturation. Detailed knowledge about virus maturation may lead to

new concepts for therapeutic interventions. It may even offer an explanation for the

different clinical signs and sy,rnptoms which are observed between ow and Nrü

hantavirus infections.
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2 MATERIALS AND METHODS

2.7 Cells and Viruses

vero E6 (green monkey kidney) cells were cultured in Dulbecco's modified

Eagle's medium (DMEM, sigma) with l0%o heat inactivated fetal bovine serum (FBS)

and I % penicillin/streptomycin.

BHK-T7 (baby hamster kidney) cells were kindly provided by Klaus conzelmann

(Max-von-Pettenkofer Institute, university of Munich, Germany). cells were cultured in

Glasgow Minimum Essential medium (GMEM, Invitrogen) supplemented with 10% heat

inactivated Newbom calf serum, geneticin (1 mg/ml, added fresh), tryptose-phosphate

(1X), MEM Amino Acid solution without glutamine (2X), 1% glutamine and 1('/o

penicillin/streptomycin. BHK-T7 cells constitutively express the T7 polymerase.

BHK-21 (baby hamster kidney) cells were cultured in Glasgow Minimum

Essential medium (lnvitrogen) supplemented with 10% heat inactivated FBS and 1%

penicillin /streptomycin.

293T (human embryonic kidney) cells were cultured in DMEM (Sigma) with

10%o heat inactivated FBS and 1% penicillin/streptomycin. Tissue culture dishes and

sterile coverslips were coated with poly-D-Lysine (l mglml, sigma) for 30 minutes at

37oc to minimize cell detachment, prior to seeding of cells. Followìng incubation with

poly-D-lysine, dishes were washed 3 times with sterile water, prior to seeding of cells.

The 293T cell line is a derivative of 293, into which the gene for the temperature
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sensitive simian virus 40 T antigen has been inserted. This line produces replication-

competent T antigen in large amounts at 37"c (American Type culture collection).

All cell lines were incubated in the presence of 5%ó co2at 37oc. cells seeded for

transfections, were cultured in medium without antibiotics.

Escherichia coli rop 10 chemica y competent cells were purchased from

Invitrogen. E. coli xLl-Blue competent ce s were made in house by growing 0.5 ml of

E. coli XLl-Blue overnight culture in 50 ml of LB broth at 37oc with shaking until the

oDseo was within 0.5-0.8. cells were then incubated for 20 minutes on ice followed by

centrifuging at 2500 rpm for 10 minutes at 4oc. pellet was resuspended in 5 ml of rss

buffer (85% LB broth, 10% polyethylene glycol, 5% DMSO and 50 mM MgCl),

aliquoted and stored at -80"C.

BCCV was obtained from the centers for Disease control and prevention

(Atlanta, Georgia). HTNV was obtained from the Institute of Virology (Marburg,

Germany). Fo¡ BCCV and HTNV stock preparations, vero E6 cells were seeded into

two T-162cm2 flasks and inoculated with virus at a l:i00 dilution, in 10 ml. virus was

allowed to adsorb for one hour, then 40 ml of DMEM supplemented with 2% FBS, 1%

penicillin/streptomycin and 1% glutamine was added. when the first signs of cpE were

visible, flasks were ffozen at -80oc, thawed and centrifuged at low speed to pellet out

cell debris, supematants were pooled and aliquoted and virus stocks were stored in

liquid nitrogen. All handling of infectious BCCV and HTNV was performed under

appropriate biocontainment conditions as outlined in the Health canada Laboratory
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Biosalety Guidelines

96lindex.html).

(http ://www.hc-sc. gc. ca./pphb-dgspsp/publicaVlbg-ldmbl-

2.2 Antibodies and Primers

See Table 3 for a list ofprimary and secondary antibodies used.

See Appendix I for a list of primers used. primers for BCCV and HTNV are

based on Genbank sequences L39950 and Y00386, respectively. See Appendix II for

nucleotide sequence of BCCV M segment.

2,3 RNA Extraction

RNA extraction was performed to generate RNA template for RT-pCR. Vero E6

cells were infected with BCcv or HTNV at a M.O.I. of 0.01. cells were harvested at 10

days post infection using Trizol LS (Invitrogen). Total RNA \.vas extracted using the

TRIZOL LS protocol (Invitrogen). Briefl¡ isolation of RNA was performed in the

following mamer: 1) homogenization of infected cells in Trizol LS; 2) separation of

RNA from protein and DNA (phase separation) with the addition of chloroform; 3) RNA

precipitation with isopropyl alcohol; 4) RNA wash with 7 5%o ethanol and 5) redissolving

RNA in Rnase-free water.

2,4 Polymerase Chain Reaction (PCR)

PCR was performed wing Pfu Turbo DNA polymerase (Stratagene) in a perkin

Elmer GeneAmp PCR System 2400 thermocycler. Pfu Turbo DNA poll,rnerase was

chosen since it has been shown to significantly increase PCR product yields and exhibits

a low enor rate due to its proofreading activity. PCR was performed on pDisplay BCCV
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Table 3: Summary of primary and secondar¡r antibodies

¡.J
-J

Antibodv

FlTC-Conjugated Anti-
HA Hielì Afñnitv

Anti-HA

Anti-GFP

Cornnqnw

Anti-Giantin

Anti-Râbbit FITC

Anti-Rabbit

P.r¡mán

Signr.a

Anti-Rabbit HRP

Roche

ÄifibodÍes,
Sou rce

Clncoqe-ne

Cv3

Covance

rabbir

ßécönq¡ii tibödiê
Siøna

Rockland

Rat

Mcfhn¡l

Rabbit

Si srna

Rabbit

Westem Blot

IFA

Double IFA

Goat

Dilution

Goat

\¡/'esfe-t.n Rlrrf

Sinsle/Double IFA

Crnaf

1:50

l:2000

IFA

l:50

Westem Blot

IFA

l:2000

1:1000

l:100

1:100

.t
S

È

s.
\

1:30 000



Materials & Methods

Gl clone to generate BCCV Gl cytoplasmic tail and BCCV Gl truncated cytoplasmic

tail for the GFP-hantaviral glycoprotein fi.rsion protein conshucts.

A typical 100 pl reaction consisted of: 70 pl of sterile water, 10 pl of 10x pcR

buffer, 4.0 pl of dNTP (10 mm each), 6.0 ¡rl of 10 pM forward primer, 6.0 ¡rl of 10 pM

reverse primer, 2.0 ¡rl of DNA (1 :1000 dilution) and, 2.0 pl (5 units) of pfu Turbo DNA

pol1.rnerase. All reactions were set up on ice.

A typical thermocycling protocol for PCR included:

Cvcles Temoerature and Time
1x
35-50x

Initial denaturation 95oC for 2 min
-Denaturation at 94oC for 30 s
-Annealing temperature dependent on melting temperature
of primers, 30s
-Elongation at J2oC for 1 min (dependent on pCR Íiagment
length)
Prolonged elongation time 72"C for 7 min
40c

1x
co

2.4.1 Reverse Transcription-Pol),rnerase Chain Reaction (RT-pCR)

RT-PCR was conducted using Titan One Tube RT_PCR kit (Roche) and

performed in a Perkin Elmer GeneAmp pcR system 2400 thermocycler. see Appendix I

for a list of inserts which were generated by RT-pcR. Two mastermixes were set up

(total volume of 25 ¡tl each), then combined. Mastermix 1: 12.5 ¡tl of sterile water, 4 pl

of 0.2 mM (each) dNTP mix,2.5 pl 5 mM DTT solution, I pl (5 units) R¡ase inhibitor,

2.0 pl of 10 pM forward primer, 2.0 ¡rl of r0 ¡rM reverse primer and 1.0 ¡rl of RNA (1 ug

- 1 pg total RNA, BCCV or HTNV). Masrermix 2: 14 ¡tl of warer, l0 ¡rl of 5x RT_PCR

buffer and 1 pl of enzyrne mix. All reactions were set up on ice.
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A typical thermocycling protocol for RT-PCR included:

Cycles
1x
1x

Temperature and Time
Reverse transcription at 50oC for 30 min
hitial denaturation 94oC for 2 min

35-50x -Denaturation at 94oC for 30 s

-Amealing temperature dependent on melting temperature
ofprimers,30s
-Elongation at 68'C for 45sec-2 min (dependent on pCR
ÍÌagment length)

lx Prolonged elongation time 6g.C for 7 min
co 4"C

2.4.2 Product Analysis

A1l amplicons were verified for size and quality by 0.g% agarose gel

electrophoresis, run in T¡is/acetate/EDTA electrophoresis buffer. Agarose gels were

stained with ethidium bromide, which was added to the melted agarose when it was cast,

run at 120 volts for 30 minutes and DNA was visualized with a MacroVue lrv-25 Hoefer

transilluminator.

Cloning

Using sequence specific primers, inserts were generated either by pCR or

RT-PCR and verified by 0.8% agarose gel electrophoresis. Amplicons were pcR

purified (QlAquick PCR purification kit, Qiagen) or gel extracted (elAquick gel

extraction kit, Qiagen) and digested in parallel with the appropriate vector with restriction

enz)¡mes (New England Biolabs). Following the digestion, the cut vector and insert were

PCR purified (QlAquick PCR purification kit, eiagen) and ligated using lunilpl of T4

DNA ligase [Roche, a typical ligation reaction consisted of x ¡rl of water, 2.0 ¡rl of l0x

buffer, 1.0 pl vector,3.0 - 10.0 pl of insert and 1.0 ¡rl ofT4 DNA ligase (for a toral

29



Materials & Mefhods

volume of 20.0 pl)l and incubated overnight at 16oc. E. coli rop 10 chemically

competent cells (Invitrogen) or E. coli XL-1 Blue competent cells were transformed by

thawing cells on ice then adding the entire ligation reaction (20 ul) to the competent cells,

followed by incubation on ice for 10 minutes. cells were heat shocked at 42"c for 30

sec, then placed on ice and ice cold soc medium was added. The reaction was incubated

at 37oc with shaking for t hour, then was plated on LB+Amp (100pg/ml) plates and

incubated for 16 hours at37"c. colonies were sc¡eened by miniprep analysis (elAprep

Spin Miniprep Kit, Qiagen) and restriction enz¡,rne digestion. All constructs were fully

sequenced th-rough the entire insert region using the dideoxy technique based on Sanger

et al', (1977). The amplicons were analyzed using an ABI 3 i 00 Genetic Analyzer.

2.5.1 pDisplayconstructs

BCCV RNA was used to amplify the Gl (nucleotides 106_2013) and G2

(nucleotides 2014-3477) open reading ffames by RT-pcR using sequence specific

primers containing xmar and Ps¡I restriction sites (Appendix IA). lnserts were cloned

into pDisplay (Invitrogen), a mammalian expression vector. pDisplay (Figure 6A) allows

the protein of interest to be processed in mammalian cells, thus the recombinant protein

more closely resembles its native form. pDisplay also offers a T7 promoterþriming site

for in vitro transcription of sense RNA and for sequencing of inserts, an ampicillin

selection marker and a HA epitope which allows for protein detection using an anti-HA

antibody.
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2.5.2 oSFVI leade¡ constructs

BCCV RNA was used to amplify the Gl (nucleotides 106_2013) and G2

(nucleotides 2014-3477) open reading frames by RT-pcR using sequence specific

primers containing BamHl and, xmar restriction sites (Appendix IB). BCCV G1 and

BCCV G2 were individually cloned into the pSFVI expression plasmid (Figure 6c),

The psFVl expression plasmid and psFV-Helper 1 plasmid (Figure 6c) were kindly

provided by Liljestrom and Garoff (sweden). The psFVl expression plasmid contains

the four genes encoding the SFV replicase (nsP1-4).

31





Xmnl 10012

Sphl 1

Hindil Af24

Sm¡l-Xllrtl-B¡mHl

Spel 8265

H¡ndlll 8134

Eco8l æ91

psFvr,
1116t bp

r¡rp4 nop3

qüt671s

Spet S42S

Hhdüt5æ4

Hindlll5284

pSFV:Hel¡ær1

dl B32f bp

Ndel4943

f301

Asull 1693

E@Rl26s6

?2í8

Ndel 2939

(\

È

s

o



Materials & Methods

The coding region for the subgenomic 26s RNA, encoding the structural proteins of the

virus, was deleted and replaced with a BamHl - xmalJ smar polylinker sequence. The

polylinker is followed by a cassette of translational stop codons in all three reading

frames located downstream from the 26s promoter site (Liljestrom and Garof! 1991).

psFVi has a sP6 promoter for in vitro transcription and an ampicillin resistance marker

fo¡ bacterial selection. psFV-Helperl has a similar backbone, however it lacks the nsp

genes but carries the structural genes (Liljeshom and Garoff 1991).

The leader sequence (derived ÍÌom immunoglobulin kappa) ÍÌom pDisplay

(Invitrogen) was cloned into the polylinker site of the psFVl expression plasmid by

sebastian Haferkamp (special Pathogens Program). Since pSFVI leader contains a

signal peptide, expressed proteins using the recombinant sFV system can be directed

through the ER/Golgi secretory pathway.

2.5.3 SFV Expression System

The sFV expression vectors are based on a .DNA clone of the full-rength sFV

genome under the control ofa SP6 RNA pol¡'rnerase promoter. The gene of interest can

be cloned into a polylinker site which has replaced the sFV structural genes. The

recombinant vector DNA can be introduced into an in vitro lranscnption kit, By using

the sP6 RNA polymerase, recombinant mRNAs are generated and can be transfected into

cells by electroporation or lipofection. In the cytoplasm of the transfected cell, the

recombinant sFV vector RNA is replicated by the virus-encoded replicase and translated

into protein (Liljestrom and Garoff, 1991; Liljestrom & Garoff, tech¡ical manual 2nd

edition).
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The sFV recombinant RNA molecule can also be packaged into infectious sFV

particles in vivo by co-transfection with both recombinant RNA and a helper RNA. The

helper RNA contains the genes encoding the structurai proteins but lacks the packaging

signal and the replicase gene. The recombinant-RNA-encoded replicase amplifies both

RNA species but the capsid protein only packages recombinant RNA molecules into

nucleocapsids due to the presence of the packaging signal. Assembly and budding of

new recombinant sFV virions occurs at the cell surface through an interaction between

cytoplasmically preformed nucleocapsids and the viral spike membrane proteins

embedded in the plasma membrane. The nucleocapsids bud out from the plasma

membrane to form new infectious sFV particles which provide a one-step virus stock

since the viruses are replication deficient (Figure 7) (Liljestrom and Garoff, 1991;

Liljestrom & Garoff, tech¡ical manual 2nd edition).

2.5.4 /r, vit? transcriþtion ofþSFVl leader constructs

To generate 
'RNA transcripts of psFVl leader constructs for transfection into

BHK-21 cells, recombinant and helper mRNAs were synthesized by in vitro transcription

as described in Liljestrom & Garoff (technical manual 2nd edition and Liljeshom and

Garoff 1991). In vitro transcription is possible due to the presence of a sp6 RNA

poiymerase promoter in the SFV expression vectors.

Five ¡rg of pSFV-Helper 1 plasmid DNA was digested with þeI (to linearize

plasmid) in a total volume of 20 ¡i at 37"C for t hour. Following digestion, helper

plasmid DNA was purified using the QlAquick PCR purification kit (eiagen) and was

eluted in 15 ¡rl of sterile water.
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The following reaction was set up for the helper plasmid cut DNA, psFVl leader BCCV

G1 and pSFVI leader BCCV G2 and incubated at 40"C for t hour: 1.5 ¡rg DNA, 5.0 ¡rl

10x SP6 buffer, 5.0 pl of 10 mM m7G(5')ppp(5')c, 5.0 ¡rl 50 pM DTT, 5.0 pl rNTp

mix, 1.5 pl of Rnase inhibitor, 0.5 pl sP6 RNA polymerase and 2g.0 ¡rl of sterile water.

Following incubation, 5 ¡-Ll was run on a 0.80/o agarose gel containing ethidium bromide

to verify RNA production. RNA was confirmed by obtaining a band of appropriate size

on the agarose gel. mRNA was stored at -80.C.

2.5.5 GFP-hantaviral slycoprotein fusionprotein constructs

All GFP-hantaviral glycoprotein fusion protein constructs were expressed under

cMV control using pHL2823 as a vector plasmid, which was kindly provided by Flick

and Hobom (sweden, unpublished) (Figure 6B). The GFp used contains a His tag and

utilizes human codon usage for better expression in human cell lines. In addition, GFp is

under CMV conhol, the vector backbone of pHL2823 is pcDNA3 (Invitrogen), it

contains ampicillin and neomycin resistances and has a polyadenylation site. The

sequences of the oligonucleotides, restriction sites used and the cloning strategy for

generating the GFP-hantaviral glycoprotein fusion protein constructs are listed in

Appendix IC. BCCV Gl full length and truncated cytoplasmic tails were generated by

PCR from the BCCV Gl pDisplay clone. HTNV G1 and HTNV Gl truncared

cytoplasmic tails were generated using sequence specific primers by RT-pcR. In the

case of BCCV and HTNV Gl, an unique restriction enzyme, -BsmBI was used for direct

insertion info pHL2823. subsequent digestion with BsnBI resulted in cleavage adjacent

to the .Bsr¡BI ¡estriction site, thus generating BamHI and, XbaI compatible ends. BCCV
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G2 and HTNV G2 cytoplasmic tails were generated using hybridized oligolinkers (see

2.5.6). BCCV G2 Sp for the N and C{erminus of GFp along with BCCV G2 Sp

inverted were also generated by insertion ofoligolinkers. BCCV G2 Sp inverted consists

of the sP rotated, so that the amino acids at the N terminus are now at the c terminus and

vice versa. site directed mutagenesis was performed on pHL2g23 using euickchange

Site-Directed Mutagenesis kit (Shatagene) to synthesize a .BclI restriction site to facilitate

the cloning at the N terminus of pHL2823,

rrfluenza (INFV) hemagglutinin (HA) transmembrane (TD) or HA signal peptide

(sP) oligolinkers were designed based on the influenza Aichi strain, N Aichi/2168

(H3N2) (M55059, Armstrong er a1.,2000). The oligolinkers were cloned at the

c{erminus of GFP or at the c{erminus of GFp-BCCV Gl truncated cytoplasmic tail

IGFP-BCCV G 1 656.6as (truncated)].

2,5.6 Hvbridization of olisolinkers fo. GFp-hantaviral elycoorotein fusion protein
constructs

since many of the inserts for the GFp-hantaviral glycoprotein fusion protein

constructs were very short in length (30-80 bps), synthesis of the inserts in the form ofan

oligolinker was preferred over generating the inserts by pcR or RT-pcR (see Appendix

IC for a list of insefs which were generated by oligolinkers). Forward and reverse

oligolinkers which spanned the entire length of the insert and contained the appropriate

restriction sites were synthesized and then hybridized together to form a double-st¡anded

DNA insert. Hybridization was performed by combining 20 ¡rl of the two

complementary primers (100 ¡rM each), 10 ¡rl of l0X hybridization buffer (lM NaCl, 1M
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Tris HCI) and 50 ¡ll of water. Incubation parameters: 70oc for 10 min, 32oc for 2 hours

and, 4"C for 12 hours.

2,6 In vitro transcription and translation

This system provides a convenient method that couples transcription and

translation and is ideal for the verification of the expression of a protein. In vitro

transcription and translation was performed on pDisplay BCCV Gl and pDisplay BCCV

G2 constructs using TnT Quick coupled rranscription/Translation system (promega) as

described in the insûuction manual. In brief, the TnT euick Coupled

Transcription /Translation System involved mixing circular plasmid DNA with a

Mastermix containing the RNA poll,rnerase, nucleotides, salts and a reticulocle lysate

(rich in translational machinery). Mixture was incubated at 30"c for 90 minutes and then

the sl.nthesized proteins were analyzed by SDS-PAGE and autoradiography.

2,7 Transfections

2.7 .r r.ansf""tior of pDi.plav BCCV Gl 
"on.tru"t 

und pDirpluv BCCV G2 conrt*.t
into BHK-T7 cells

BHK-T7 cells were transfected at 60-700/o confluency (24 well dish) using

Lipofectamine 2000 (krvihogen). one pg of plasmid MaxiPrep DNA (elAfilter plasmid

Maxi kit, Qiagen) was mixed with 20 ¡rl of Opti-MEM (Invitrogen) and 25 pl of Opri_

MEM (Invitrogen) was mixed with 1.5 ¡rl of Lipofectamine 2000. Both mixtures were

incubated for five minutes at room temperature after which they were combined and

incubated for fifteen minutes at room temperature. After incubation, 160 ¡rl of fresh

Opti-MEM was added to the mix (Lipofectamine + DNA). Medium was removed from
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BHK-T7 cells and the DNA./Lipofectamine mix was added. cells were incubated ar

37'C with sYo CO2 for 24-48 hours.

2.7.2 T.anrf""tion of pSFVl,l"uder BCCV Gl .RNA and psFVl leud", BCCV G2
mRNA into BHK-21 cells

BHK-21 cells seeded in 10 cm dishes were transfected at 60-70% confluency.

seven hundred and fifty pl of opti-MEM (Invitrogen) was combined with 15 ¡rl of helper

mRNA and 15 ¡rl of BCCV G1 or G2 mRNA. In a separate tube, 750 pl of opti-MEM

was combined with 30 pl of Lipofectamine 2000 (Invitrogen). Both mixtures were

incubated for five minutes at room temperature then combined and incubated further for

15 minutes at room temperature. Following incubation, 1.5 ml of opti-MEM was added

to this mixture and transferred to the cells whose medium had been ¡emoved.

Transfected cells were incubated at 37oc with 5yo co2. At 24 hours post transfection,

5.0 ml of GMEM supplemented with 10% FBs and 1% penicillin/strepromycin was

added to the transfected cells. cells were monitored until cpB presented. The

supematant (containing recombinant sFV virions) was collected and spun at 10009 for 2

minutes. Supematants were pooled and aliquoted into 1.0 ml aliquots and stored at -
80'c,

2.7.3 Ttun.fection of GFP-hantuui.al elycoprotein fusion prot"in 
"onst*ct, 

into 2937
cells

293T cells were transfected af 60-70yo confluency (24 wer dish) using

Lipofectamine 2000 (Invitrogen). 0.s pg of plasmid Maxiprep DNA (elAfilter plasmid

Maxi kit, Qiagen) was mixed with 20 pl of opti-MEM (Invitrogen) and 25 pl of opti-

MEM was mixed with 1.0 pl of Lipofectamine 2000, both mixtures were incubated for
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five minutes at room temperature. Following, both mixes were combined and incubated

for fifteen minutes at room temperature, AÍÌer incubation, 160 ¡rl of fresh opti-MEM

was transferred to mix (Lipofectamine + DNA). Media was ¡emoved fiom 293T cells

and DNA,/Lipofectamine mix was added. cells were incubated at 37oc with 5% co2 for

24-48 hours.

2.8 Infection of BHK-21 cells with SFV BCCV Gl and SFV BCCV G2

BHK-21 cells were infected at 80-90o/o confluency in 10 cm tissue culture dishes.

Five hundred pl (M.o.I. - 1) of psFVl leader BCCV Gi o¡ BCCV G2 virus supematanr

was mixed with 1 ,5 ml of GMEM (no supplements) and then added to cells whose media

had been removed. Virus was allowed to adsorb for one hour at 37"c. Following

incubation, 6.5 ml of GMEM supplemented with lO% FBS and l%

penicillin/streptomycin was added. cells were incubated at 37'c with 5yo co2for 16-30

hours.

2.9 Light Microscopy

Transfected or infected cells were viewed in the tissue culture dish using a hund

Wilovert S light microscope.

2.10 Harvesting of Cells

Transfected or infected cells were harvested using lX SDS-gel loading buffer

162.5 mM 0,5 M Tris-Cl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v)

bromophenol blue and 300 mM 2-mercaptoethanol] under reducing conditions. If

supematant was desired it was collected, if not, it was discarded. Tissue culture dishes

were placed on ice and 1X SDS-gel loading buffer was added (50 pl per well of a 24 well
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tissue culture dish, 250 pl per well ofa 6 well tissue culture dish and 500 ¡-rl for a 10 cm

tissue culture dish). sDS-gel loading buffer was incubated with the cells for 5 minutes on

ice followed by collection using a cell scraper or pipette tip. cell lysates were boiled for

5 minutes at99"C, then stored at -20oC.

2.11 SDS-PAGE and Semi-dry transfer

Proteins were electrophoresed (200 volts for 45 minutes) on 10 cm (l) x 7.5 cm

(h) (thickness 1.0 mm) 10% sDS mini-gels (15% for characterization of carbohydrates)

using a discontinuous buffer system that incorporates SDS in the buffer (Laemmli, 1970).

In this system, proteins are denatured by heating them in a buffer which contains sodium

dodecyl sulphate (sDs) and a thiol reducing agent such as 2-mercaptoethanol. proteins

were then transferred from the sDS gel to pvDF transfer membrane (Amersham

Pharmacia Biotech) using a Trans-blot SD semi-dry transfer apparatus (Bio-Rad).

semi-dry transfer for a mini-gel was performed by wetting the surface of the

trans-blot apparatus and placing a filter pad which was soaked in anode buffer (75 ml of

0.67M boric acid, 200 ml of methanol and,725 ml of sterilized water) was placed on the

wet surface. PVDF transfer membrane was incubated in methanol for 5 minutes then wet

in anode buffer before placement on the anode soaked filter pad. The stacking portion of

the sDS-gel was removed and the resolving portion was soaked in anode buffer then

placed on top of the PVDF. As each layer was added on, the air was rolled out by

dragging a pipette across the surface. The remaining filter pad was soaked in cathode

buffer (75 ml of 0.67M boric acid, 50 ml of methanol and 875 ml of sterilized water) and

placed on top ofthe gei and air bubbles were rolled out. Transfer ofa
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mini-gel was run at 60 mA per gel, for 90 minutes.

2,12 Immunoblot

Following transfer, the membrane was blocked ovemight in 5% skim milk + 0.1%

Tween to reduce non-specific binding to the membrane. The following moming, the blot

was washed three times with PBS/O.1% Tween then incubated with the primary antibody

for t hour with rocking at room temperature. The blot was then washed three times with

PBS/0.1% Tween and incubated with the secondary antibody for t hour with rocking at

room temperature. The blot was again washed with pBS/0.1% Tween three times,

followed by three washes with PBS. Proteins were visualized using the ECL +plus

westem Blotting Detection system (Amersham Biosciences) as described in the

instruction manual. Briefly, ECL +plus is a sensitive chemiluminescent system used for

protein blotting where an antibody system coupled to horse radish peroxidase converts an

ECL substrate into a light signal.

2.13 Characterization ofCarbohydrâtes

To further confirm the intracellular location of the BCCV G2, the N_linked

carbohydrates were characterized to determine if they were high-mannose (indicative of

ER localization) or complex (indicative of Golgi localization). Endoglycosidase H

removes N-glycans of high mannose type while N-glycosidase F cleaves all types of

asparagine bound N-glycans (Figure 114 & B, respectively). cell lysates were treated

with endoglycosidase H (Roche) and N-glycosidase F (Roche) separately. i¡rl of cell

lysate was incubated with 10 units of enz),rne (either endo H or N-glycosidase F) in pBS

ovemight af 37"C. The negative control included incubating the cell lysate only with
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PBS, without enz]yr¡.q Following incubation, 4X sDS-gel loading buffer was added and

samples were run on a 75%o sDS gel. Detection of proteins was determined by

immunoblot using anti-HA (Sigma).

2,1,4 ImmunofluorescenceAssay

2.14.i Sinele knmunofluorescence

Transfected or infected cells, on coverslips, were fixed with 2%

paraformaldehyd e ror 20 minutes at room temperature or at 4oc ovemight. Following

fixation, cells were washed three times with pBS then permeabilized using

0.1% Triton X-l00 (in PBS) for 20-30 minutes at room temperature, followed by three

PBS washes. Treatment with rriton X-100 was omitted for surface IFAs. cells were

incubated with the primary antibody at 37"c for t hour followed by tkee pBS washes.

cells were then incubated with the secondary antibody for t hour a|37"c, followed by

three PBS washes. coverslips were mounted on microscope slides using Gelmount

(Cedarlane) and viewed under UV illumination.

2. 14.2 Double Immunofluorescence

To confirm the intracellular location of the BCCV glycoprotein G1, coJocalization

experiments were performed with giantin, a resident Golgi protein. If BCCV Gl was

located in the same location as giantin, co-localization would be expected. Giantin is a

membrane-inserted component of the cis and medial Golgi with a large rod-like

cloplasmic domain.

lnfected BHK-21 cells were fixed with 2Vo paruformald,ehyde. Following fixation,

cells were washed three times with PBS then permeabilized with 0.1% Triton X-100 (in
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PBS) for 20-30 minutes at room temperature, followed by th¡ee pBS washes. cells were

incubated with FlTC-conjugated anti-HA for detection of BCCV Gl (1:50 dilurion in

PBS, Roche) and anti-giantin (1:1000 dilution in pBS, covance) for one hour at 37"c,

followed by three PBS washes. cells we¡e then incubated with the secondary antibody,

goat anti-rabbit cy3 (1:100 diiution in PBS, Rockland) for one hour at 37"c followed by

th¡ee PBS washes. coverslips were mounted on microscope slides using Gelmount

(Cederlane). Co-localization was studied using confocal microscopy.

2.15 UV Microscopy

Transfected or infected cells were viewed in the tissue culture dish or coverslips

were fixed wifh 2% paraformaldehyde for 20 minutes at room temperature or at 4oc,

overnight, then viewed under uv illumination (Zeiss, Axiovert roo) 24-4g hours post

transfection or infection. [rV pictures were taken using Northem Eclipse software.

Co-localization studies were performed using an Oll,rnpus IX70 confocal microscope and

images were processed using Fluoview 2.1 software.

2.16 Membrane Fractionation of GFp-hantaviral glycoprotein fusion proteins

To determine if GFP-hantaviral glycoprotein fusion proteins were membrane

associated or cfosolic, alkaline carbonate extraction was performed on 293'I cells 46-72

hours post transfection (method obtained from current protocols online,

http://www.mrw2.interscience.wiley.com,/cponline). 293T cells were transfected with

individual constructs (two wells of a 6 well plate per sample) as explained in section

2.7.3. Al46-72 hovs post transfection, supematant was removed and cells were washed

three times with PBS, then once with 100 mL Nacl. occasionally, the transfected cells
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would detach from the plate thus, the nonadherent cells were isolated between washes by

microcentrifi;gation (2 minutes at 10009). cells were then scraped (adherent) or

resuspended (nonadherent) into 1 ml of ice-cold 100 mM sodium carbonate, pH 1 1.5 and

homogenized (five strokes) in a 2 ml Dounce homogenizer. The homogenate was then

incubated for 30 minutes on ice and i.0 ml of sodium carbonate was added to attain the

necessary volume for ultracentrifugation. The homogenate was then centrifuged for 60

minutes at 50 000 rpm using a TLS-55 rotor (Beckman) at 4 oC. Following

centrifugation, the supernatant was transfened to a fresh tube and concentrated 3-5 times

using a concentrator (savant speed Vac scl10). The pellet was resuspended in 250 ¡rl

of sodium carbonate. Pellet and supematant fractions were then mixed with 4x

SDS-PAGE sample buffer containing B-mercaptoethanol and run on SDS-pAGE (10%

gel). Proteins were visualized by immunoblot using an anti-GFp antibody (Oncogene).
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3 RESULTS

3.1 Expression of pDisplay BCCV Gl and G2 constructs

3-L1 Confirmation of expression in BHK-T7 cells bv immunoblot an<l IFA

BHK-T7 cells were transfected with either pDisplay BCCV Gl or pDisplay

BCCV G2. In addition to a CMV promoter, pDisplay has a T7 promoter which allows

for transcription by using the T7 poll.rnerase which is constitutively expressed in

BHK-T7 cells. At 26 hours post transfection, cells were harvested and run on a 10%

SDS-PAGE. Using an anti-HA antibody (1:2000) followed by a HRP-conjugated goat

anti-rabbit antibody (1:30 000), immunoblot analysis revealed a band at 54 kDa

indicative ofBCCV G2 (Figure 8, lane 3). Unfortunately, no product was detected for

BCCV Gl (expected molecular weight of 72 V,Da) (Figure 8, lane 2). pDisplay was

transfected as a negative control to ensure that the detected proteins were not derived

from the cell or the vector itself (Figure 8, lane 1). Transfection of pDisplay BCCV Gl

was conducted in other cell lines (Hela and 293T) while using different amounts of DNA

and Lipofectamine 2000 reagent. All attempts to express BCCV Gl have been

unsuccessfr¡l to date.

Expression of pDisplay BCCV G2 was âlso confirmed by IFA. Transfected cells

were fixed at 48 hours post transfection and probed with anti-HA (1:50) followed by

Cy3-conjugated goat anti-rabbit (1:100). An intracellular stain was performed by treating

the cells with Triton X-100 thus permeabilizing the plasma membrane, allowing entry of

the antibody.
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Under lfV illumination, BCCV G2 showed a typical ER pattem (staining around the

nucleus) with the intracellular stain (Figure 9A). Bccv G2 was not found on the cell

surface with a surface stain (Figure 9B). pDisplay was hansfected as a negative control

(Figure 9c & D). Brightfield pictures have been included to demonstrate that cells were

present even though they were negative under UV illumination.

In contrast, pDisplay BCCV Gl could not be detected by IFA, thereby confirming

the negative results obtained by immunoblot analysis.

3.1.2 Confirmation of expression by in vifro transcription and translation

Since detection of expression of BCCV Gl in mammalian cells (m vlvo) could not

be achieved by immunoblot or IFA, it was crucial to determine if expression of the

protein was even possible in vitro. To determine if the construct had the potential to be

hanscribed and translated, the construct was introduced into al in vllro transcription and

translation kit (Promega). Autoradiography detection ¡evealed the presence of both

BCCV Gl (72 lÕa) and BCCV G2 (54 kDa) (Figure 10, lanes 1 and 2 respectively)

indicating that the open reading frame had been correctly inserted. pDisplay was used as

a negative conhol (Figure 10, lane 3).
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3.1.3 Characterization ofBCCV G2 carbohydrates

IFA data suggested that BCCV G2 was located in the ER. To further confirm this

subcellular location, cell lysates of BHK-T7 transfected cells were treated with

endoglycosidase H and N-glycosidase F, then nm on a i5% SDS-PAGE. proteins were

detected by immunoblot using an anti-HA antibody (1:2000) followed by a goat

anti-rabbit HRP antibody (1:30 000). Treatment with endo H preferentially hydrolyzes

N-glycans of the high mannose type; this type of glycosylation is normally found with

ER localized glycoproteins (Figure 11,A'). ln comparison, N-glycosidase F cleaves all

types of asparagine bound N-glycans (complex type and high mannose type) (Figure

118). The combined use of both endoglycosidases will allow to define the subcellular

localization of a glycoprotein in either the ER or the Golgi complex. Treatment of BCCV

G2 with endo H and N-glycosidase F demonstrated a shift of almost 3 kDa, which is the

expected shift for the removal of one asparagine-linked sugar on G2 (Figure 1 1C and D).

The sensitivity to endo H and N-glycosidase F indicated a high marurose type

carbohydrate on BCCV G2 which is indicative of a protein located in the ER, which

confirms the IFA data (Figure 9).

3,2 Expression of BCCV Gl and G2 using the SFV expression system

Since expression of BCCV Gl was not achieved using the pDisplay clones, the

semliki Forest virus expression system was used as an altemative route for expression to

overcome this problem.





Results

3.2.1 Confirmation of infection of BHK-21 cells with SFV BCCV G1 and SFV BCCV
G2 by immunoblot and IFA

BHK-21 cells were infected with either recombinant SFV BCCV Gl virus or

recombinant SFV BCCV G2 virus. CPE was observed between 16 to 24 hours post

infection. CPE was characterized by rounding of cells and detachment from the

monolayer. Infected cells were treated with 50 pglml of cycloheximide for 5 hours then

harvested at 24 hours post infection. The purpose of adding cycloheximide was to inhibit

eukaryotic protein synthesis by preventing initiation and elongation on 80s ribosomes

(Lackie et al., 1999). It was hypothesized that the addition of cycloheximide would help

generate a clearer result as to where the proteins were accumulating, Harvested cells

were mn on 10% SDS-PAGE followed by an immunoblot using anti-HA (1:2000)

followed by a goat anti-rabbit HRP antibody (1: 30 000). Immunoblot results revealed

the presence of BCCV G2 (5a kDa) but not BCCV G1 (Figure 12, lanes 3 and 1

respectively), The negative control included uninfected cells which had the same

treatment as the other samples (Figure 12,lane 2). A positive control [recombinant SFV

CCHF (Crimean Congo Hemonhagic Fever) G2 virusl was included as a infection and

immunoblot control which wæ successfril (data not shown).
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Further confirmation of expression was determined by IFA. I¡fected BHK-21

cells with SFV BCCV G1 or SFV BCCV G2 were positive using anti-HA (l:50)

followed by a FITC-conjugaterl goat anti-rabbit antibody (1:100) in an intracellular IFA.

Suryrisingly, and in contrast to the immunoblot data, expression of BCCV Gl could be

demonsffated. Staining of SFV BCCV Gl, either with or without cycloheximide

treatment appeared as a cap on the nucleus, suggestive of a Golgi stain (Figure 13A. & B).

ln comparison, staining of SFV BCCV G2, either with or without cycloheximide

appeared as either a ring around the nucleus or as clumps, which did not conelate with

either an ER or Golgi pattem (Figure 13C & D). Thus, the subcellular localization of

BCCV G2, expressed through a recombinant SFV remained unclear. The negative

controls included uninfected cells with the same treatment (Figure 13E & F). The

negative controls did show some fluorescence which can be attributed to either the

secondary antibody binding non specifically to the cells or due to the auto-fluorescence

of the cells under UV illumination.

3.2.2 CoJocalizationstudiesusingdoubleimmunofluorescence

To confirm the subcellular location of SFV BCCV Gi and SFV BCCV G2 in

infected BHK-21 cells, double immunofluorescence was performed. Infected cells were

permeabilized with Triton X-100 and then incubated with FlTc-conjugated anti-HA

(1:50) in conjunction with either anti-giantin (for BCCV Gl, 1:1000). Following the

incubation with the primary antibody, a Cy3-conjugated goat anti-rabbit antibody (1:100)

was added to detect anti-giantin.





co-localization of BCCV proteins with the Golgi or ER markers was determined by

confocal microscopy. Giantin is a membrane-inserted component of the cis and medial

Golgi with a large ¡od-like cytoplasmic domain.

Figure 14 demonstrates the colocalization studies of SFV BCCV Gl and giantin.

Despite the presence of a similar pattem in the anti-HA and anti-giantin images, a clear

merge image could only be achieved for some cells, suggesting that there is small amount

of co-localization between sFV Bccv Gl and giantin. Despite many attempts at using

different Golgi markers and dilutions, a more convincing co-localization was never

demonstrated.
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3.3 Expression of GFP-hantaviral glycoprotein fusion proteins

As expected, expression of the fullJength BCCV glycoproteins appeared to be

difficult. since our previous studies on the HTNV glycoproteins suggested an important

role for the G1 cytoplasmic tail in subcellular targeting, GFp fusion proteins with specific

BCCV Gl domains was analyzed next.

3.3.1 Analvsis of protein h}¡drophilicit)¡ for BCCV G1/G2. HTNV G1/G2 proteins and
INFV hemagslutinin orotein usine Kyte and Doolittle Analysis

In order to more precisely define and confirm previous data on the different

domains of hantavirus glycoproteins, hydrophobicity/irydrophilicity plots were

performed. Predictions were calculated using methods derived from Kyte and Doolittle

(Kyte & Doolittle, 1982 ) (Figures 15 and 16). Kyte and Doolittle values fall within a

range of +4 to -4, with hydrophilic residues having a negative score and hydrophobic

residues having a positive score (Kyte & Doolittle, i982). Based on this calculation, the

BCCV domains which were required for the construction of the GFp-fusion proteins

were defined as follows:

G1 cytoplasmic domain:

G2 signal peptide

G2 cytoplasmic domain:

aa 540-647

aa 648-671

aa 1150-1159

Once the domains were defined, the different GFp-hantaviral glycoprotein fusion

protein constructs were made (Figure 17) for expression and characterization of

subcellular localization.
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3.3.2 characterization of GFP-hantaviral slycoprotein fusion proteins in 293T cells by
IJV microscopv and membrane fractionation

293T cells were transfected with GFp-BCCV G1s¿o.a.ir and within 24-4g hours post

transfection, green clumps accumulated within the cell, characteristic of Golgi

localization (Figure 18: construct 24, the number below each figure represents the

construct number). Lr comparison, 293T cells transfected with GFP-BCCV G2r ¡so. ss

showed diffl¡se expression throughout the cell, indicative of cytoplasmic expression,

similar to the GFP control (Figure 18: constructs 4A and 14, respectively).

Membrane fractionation was performed on transfected 293T cells to determine if
the fusion proteins were membrane associated or found in the cflosol. Transfected cells

were collected and separated into a supematant fraction, representing cytosolic proteins

and a membranous fraction, representing membrane associated proteins. Fusion proteins

were detected by immunoblot using an anti-GFP antibody (1:2000) followed by a HRp-

conjugated goat anti-rabbit antibody (1:30 000). GFP-BCCV G1s¿o-ozr was detected in the

pellet fraction, while GFP-BCCV G2r rso-r ¡ss was detected in the supematant fraction

similar to the control (Figure 18: 28 and 48, respectively). This data demonstrated that

GFP-BCCV Gls¿o.ozr, which contained the BCCV Gl cytoplasmic tail, was targeted to a

membranous compartment (most likely Golgi membranes), as confirmed by UV

microscopy and membrane fractionation. In contrast, GFP-BCCV G2¡ ¡5s.¡ ¡5e which

contained the BCCV G2 cytoplasmic tail did not contain a Golgi targeting signal since

the expression of the fusion protein remained cytoplasmic.

To assess whether the cytoplasmic tails of OW and N'W hantaviruses behaved

similarly, 293T cells were transfected with GFp-HTNV Glszs.e¡r.
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Expression of GFP-HTNV Glszs_oor which contained the HTNV Gl cytoplasmic tail,

resulted in clear cellular accumulations which were memb¡ane associated (Figure 19:

104) In comparison, GFP-HTNV G2rqo.¡qs showed cytoplasmic staining (Figure 19:

124), identical to that of GFP (Figure 19: 1A) indicating that the HTNV G2 c¡oplasmic

tail had no targeting signal. Thus, BCCV behaves similarly to HTNV, an OW

hantaviruse.

Anheier el a/ ., (submitted) suggested that Goigi targeting of HTNV Gl was

dependent on the HTNV G2 SP (23 amino acids), a hydrophobic domain after which co-

translational cleavage of the GPC occurs. Knowing that GFP-BCCV Gls¿o_orr behaved in

a similar manner to GFP-HTNV Glszs-oor (Figure 18 & 19), the BCCV G2 Sp (23 amino

acids) was removed from BCCV Gl cloplasmic tail to test whether it was responsible

for Golgi targeting. A construct was made which lacked the 23 aa hydrophobic BCCV

G2 SP, termed GFP-BCCV Gls¿o.o¿s (truncated) (Figure 20: construct 3). Following

transfection of 293T cells with this construct, a cytosolic pattem of expression was

observed and the fusion protein was detected in the supematant fraction (Figure 20: 3A

& B). However, a small percentage (30%) of transfectcd cclls showed green clumps

suggesting that some Golgi targeting was still occurring despite the removal of the BCCV

G2 SP (not shown in Figure 20: 3A). In comparison, removal of the HTI.W G2 Sp from

the HTNV Gl cytoplasmic tail, termed GFP-HTNV Glszs_a¡¡ (truncated) (construct 11),

resulted in complete abolishment of the Golgi targeting signal since 100% of cells

showed a closolic pattem of expression confirmed by the presence ofthe fi.rsion protein

in the supematant fiaction (Figure 20: I 1A & B).







To determine if the addition of BCCV G2 SP onto GFp was sufficient to confer

Golgi targeting, fhe 23 a.a hydrophobic BCCV G2 SP was cloned at the C-terminus of

GFP (GFP-BCCV G2 SPe¿¡-ozr Cterm) and expressed in 293T cells resulting in

approximately 50% of cells showing Golgi localization (Figure 2l: 5A). Although Golgi

localization was only 50%, surprisingly, membrane fractionation showed the fusion

protein only in the pellet fraction (Figure 21: 5B). To determine which part of the

BCCV G2 SP would mediate Golgi localization, the BCCV G2 SP was truncated by

removing 12 amino acids at the C terminus [GFP-BCCV G2 SP6as.65e C term (truncated)].

Addition of a truncated BCCV G2 SP (1 1 aa) to GFP resulted in nearly 60-70% Golgi

localization (Figure 21 : 7A). Membrane fractionation revealed that the majority of the

fusion protein was in the pellet, while a small ffaction was in the supematant (Figure 21:

7B).

Once it was determined that the BCCV G2 SP had a Golgi targeting signal, the

position of the BCCV G2 SP in relation to GFP was studied to determine if it had an

effect on the localization of the fusion protein. Therefore, the 23 aa BCCV G2 Sp was

cloned in at the N{erminus of GFP (GFP-BCCV G2 SP6a¡-67¡ N-term) and expressed in

293T cells, resulting in Golgi localization in roughly 50o/o of transfected cells and the

presence of the fusion protein in the pellet fraction (Figure 2l: 6A & B). These results

suggested that the position of the SP was not important, but rather the hydrophobicity

was crucial in determining Golgi targeting.

To determine if hydrophobicity alone was sufficient to confer Golgi targeting or

whether it was hantavirus sequence specific, the BCCV G2 SP was replaced with a
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foreign hydrophobic sequence from influenza, specifically, the HA transmembrane

domain and HA signal peptide. In addition, the sequence of the BCCV G2 Sp was

inverted (amino acids at the N-terminus were now ât the C-terminus and vice versa) to

determine if there was a specific sequence required for targeting. HA TD, HA Sp and

BCCV G2 SP inverted were cloned either at the C-terminus of GFp or after BCCV Gi

truncated cytoplasmic tail construct. Expression of HA TD, HA Sp and BCC G2 Sp

inverted directly on GFP (GFP-INFV HA TD53e-565, GFP-INFV HA Spro-zo, GFp-

BCCV G2 SPess-e¿s inverted, respectively) resulted in green clumps within the cells,

characteristic of Golgi localization (Figure 22: 144, 13A, and 8A). Accordingly, the

fusion proteins were found in the pellet fraction, following fractionation (Figure 22: l4B,

13B and 8B). FuÍhermore, addition of HA TD, HA SP and BCCV G2 SP inverted on

BCCV Gl truncated cytoplasmic tail [GFP-BCCV Gl5as_6as (truncated)-INFV HA TD53e.

565, GFP-BCCV Glsqo.øa (truncated)-INFV HA SPro.zo, GFP-BCCV G15ae-6as (truncated)

- BCCV G2 SP65e6as inverted, respectively] showed the same results (Figure 23: 16A &,

B, 154 & B and 9A & B), in contrast to the GFP control (Figure 18: 1A & 1B). This

data suggests that hydrophobicity is the key factor in Golgi targeting for BCCV and it is

not dependent on a specific sequence since a foreign sequence from influenza virus and

the inverted BCCV G2 SP sequence can direct Golgi localization.

It is important to note that all studies for the GFP-hantaviral fusion proteins were

canied out with and without cycloheximide (5Oug/ml for 5 hours before fixation) and no

diffe¡ence was observed between the groups. It was hypothesized that the addition of
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cycloheximide would help generate a clearer result as to where the proteins were

accumulating since protein synthesis in inhibited by this chemical.

3.3.3 Co-localization studies for GFP-hantaviral elycop¡otein fusion proteins

Transfected cells were permeabilized with Triton X-l00 and then incubated with

either anti-giantin (1 :i 000). Following the incubation with the primary antibodies, a

Cy3-conjugated goat anti-rabbit antibody (1:100) was added to detect anti-giantin. Co-

localization of fusion proteins with the Golgi or ER markers was determined by confocal

microscopy. Figtre 24 shows representative co-localization data of a few GFP-

hantaviral glycoprotein fusion proteins with giantin, a Golgi marker. 'ffeak co-

localization was seen for some, but not all fusion proteins where coJocalization was

expected. This may be attributed to the fact that the targeting of the GFP-fusion proteins

occurred from the closolic side rather than the luminal side of the Golgi, since the

proteins did not have a signal peptide to direct their entry into the secretory pathway.

Since the fusion proteins were directed from the cytosolic side of the Golgi, it is likely

that they would not be in the exact spatial location where the Golgi markers are

commonly localized, Therefore, co-localization may not be spatially possible.

Although co-localization was demonstrated forl GFP-BCCV Gls¿o.ozr and giantin

(Figure 24), no co-localization was observed between giantin and the GFP-hantaviral

glycoprotein fusion proteins which were soluble (GFP-BCCV G2¡ ¡56.¡ ¡5e and GFP, Figure

24).
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Discussion

4 DISCUSSION

4.7 Understanding Hantavirus Glycoprotein Expression and Targeting

The present study was established to develop an expression system for the

glycoproteins of BCCV, a NW hantavirus, and to determine which subcellular

compartment the glycoproteins of BCCV are targeted. The aims of this study \ryere two-

fold: first to determine if NW hantaviruses have an unique method of budding at the

plasma membrane thereby verifying previous findings by Ravkov et al., (1997) and,

secondly, to gain crucial information about the virus life cycle which could be used for

the deveiopment of therapeutic strategies.

To understand NW hantavirus glycoprotein expression and targeting, two

strategies were elaborated: (i) expression of BCCV Gl and G2 by transfection of

recombinant plasmid DNA and by infection with recombinant SFV and (2) generation of

GFP-hantaviral glycoprotein fusion proteins.

The first strategy involved using two different expression systems for the

expression of the BCCV glycoproteins. BCCV Gl and G2 were cloned into a

mammalian expression vector pDisplay and into a recombinant SFV expression system.

Cellular localization of BCCV glycoproteins was monitored microscopically,

immunologically (IFA) and biochemically (SDS-PAGE, carbohydrate analysis).

The second strategy involved creating GFP-hantaviral glycoprotein fusion

proteins to test the hypothesis that a special motif either in the cytoplasmic tail of BCCV

Gl or G2 or both, \ryould harbour potential targeting signals, and thus alter the location of
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GFP, a protein normally found in the cytoplasm. Subcellular localization of the GFp-

hantaviral glycoprotein fusion proteins was monitored immunologically, microscopically

and biochemically (membrane fractionation, SDS-PAGE, immunoblotting, IFA).

4.2 Challenges in Hantavirus Research

Several problems were encountered during this study. The initial setback was

cloning the glycoprotein genes into appropriate expression plasmids. It is accepted in the

hantavirus community that for unknown reasons, cloning of hantavirus genes is complex

(Arheier, personal communication; Spiropoulou,200l). The addition of approximately a

dozen extra nucleotides of an unrelated sequence upstream from the start codon has

allowed for easier cloning of some Hantaan virus genes (Hooper, personal

communication). This strategy was also attempted fo¡ BCCV in this study, but without

success.

Once the clones were obtained, expression became the next challenge with respect

to BCCV Gl. Despite the use of various cell lines, different transfection methods and

various expression systems, BCCV Gl expression was only detected by infection with

recombinant SFV (Figure 13). Lack of sufficient protein expression may be a reflection

of the insensitivity of the antibodies used for detection. Accordingly, various antibody

sources were tested to see of BCCV G1 could be detected by immunoblot and IFA. First,

serum from a Sin Nombre virus (SNV) infected deer mouse, kindly provided by Michael

Drebot (Canadian Science Centre for Human and Animal Health, Winnipeg, Manitoba)

w¿ls screened to see if it would detect the glycoproteins in BCCV infected Vero E6 cells.

This serum detected the nucleoprotein by immunoblot but not in IFA, The lack of
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detection may be attributed to the fact that sNV antibodies do not broadly cross-react

with BCCV glycoprotein epitopes.

Following this first attempt, polyclonal rabbit serum against BCCV, kindly

provided by the Centers fo¡ Disease Control (Atlanta, Georgia), was used to detect the

glycoproteins in infected and transfected cells. The rabbit anti-BCCV serum reacted

similarly to the deer mouse serum.

As an altemate approach, mice were infected with BCCV and subsequently

boostered twice with BCCV glycoprotein DNA constructs (DNA vaccination, 100 ug) to

invoke a specific immune response against the BCCV glycoproteins. Again, the mouse

sera only detected the nucleoprotein in an immunoblot assay but not by IFA. The fact

that the deer mouse, rabbit and experimentally infected mouse sera, all preferentially

detected the nucleoprotein may be due to the fact that the immune response during

hantavirus infections is mainly directed against this protein (Simmons & Riley,2002).

An additional strategy to generate BCCV glycoprotein antibodies, involved

generating peptide specific antibodies. Based on the nucleotide sequences of BCCV Gl

and G2, immunogenic epitopes were predicted and the corresponding peptides were

synthesized by ResGen (custom antibody production, lnvitrogen Corporation). The short

peptides were mixed with an equal amount of Freund's Adjuvant and injected separately

into t\.vo New Zealand white rabbits. Serum was harvested at weeks 4, 8 and 10 post

inoculation. The Gl peptide specific polyclonat rabbit serum did not detect Gl in an

immunoblot assay whereas the G2 peptide specific polyclonal rabbit serum detected

BCCV G2.
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Due to the lack of antibodies to detect BCCV Gl, HA epitopes consisting of 9

amino acids were incorporated at the N-termini of Gl and G2. HA antibodies detected

BCCV G2 (immunoblot and IFA) but only detected BCCV Gl by IFA (Figure 13).

Although our group has had very good experience with the HA tag, in the future,

altemate tags could be utilized such as myc or FLAG. In addition, a tag could be added

to the C{erminus instead of the N-terminus, or incorporated at both termini and,/or in

multiple sets to enhance detection.

Since most attempts to express and detect BCCV Gl failed, it was necessary to

confirm that the BCCV G1 construct had the potential to be transcribed and translated.

To demonstrate transcription and expression of Gl, the pDisplay BCCV G1 construct

was introduced into an ¡n vltro transcription/translation assay. Using this approach,

transcription and expression was clearly demonstrated for BCCV Gl and G2 (Figure l0).

The fact that Gl could be detected, suggests that the protein may be synthesized in small

amounts. A lower amount of BCCV Gl protein would be directly related to a reduced

copy number of mRNA transcripts coding for BCCV Gl. Low levels of mRNA

transcripts may be related to mRNA degradation or posltranscriptional processing such

as mRNA splicing. To test this hypothesis, it would be necessary to verify levels of

BCCV Gl mRNA transcripts by performing either Northem analysis, RT-pCR or

conducting a ribonuclease protection assay.
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4.3 BCCV Gl appears to be localized at the Golgi

BCCV Gl was cloned into pDisplay and the pSFVI leader expression vector and

expression was attempted in BHK-T7 cells and BHK-21 cells respectively. In the case of

the pDisplay BCCV Gl clone, expression of G1 could not be detected by IFA or

immunoblot. Many attempts at expressing BCCV Gl from the pDisplay clone were tried

with no success. For example, a CMV driven T7 plasmid was co-transfected into BHK-

T7 cells to increase the expression using the T7 promoter, thus increasing the expression

of Gl. In addition, the T7 plasmid was co-transfected into 293T cells, to allow for

expression using both pDisplay promoters (CMV and T7) thus optimizing Gl expression.

Despite the lack of expression in vivo using the pDisplay BCCV G1 clone, Gl could be

synthesized in vitro (Figure l0).

In comparison, the expression of BCCV Gl was detected by IFA, but not

confirmed by immunoblot (Figure 13 & 12), using the SFV expression system. BCCV

G1 showed a Golgi pattem when detected by IFA in infected BHK-21 cells. This

subcellular localization was supported when the expression of GFP-BCCV Gl

cfoplasmic tail construct directed GFP to the Golgi, indicating that BCCV harboured a

Golgi targeting signal. In this respect, BCCV Gl behaved similarly to HTNV Gl when

expressed by itself [Pensiero and Hay, 1992; Anheir er c/., (submitted)]. This and the

fact that plasma membrane expression could not be demonstrated do not support the work

by Ravkov et al,, (1997).
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Although BCCV Gl expression was achieved using the SFV expression system,

it remained very difficult to obtain comprehensible results during the co-localization

studies to confirm subcellular localization of this protein (Figure 14). However, all the

data suggest that BCCV Gl is targeted to the Golgi complex, but may end up in a

compartment that is different from the location of most commonly available Golgi

marker proteins. Garcia-Mata et at., (1999) suggest that a defìned area, located in close

proximity to the Golgi complex, may represent an aggresome of misfolded proteins.

Another explanation for the lack ofclear co-localization may be explained by the fact that

SFV can alter the cellular morphology, thus, co-localization may be difficult to achieve

(Flick, personal communication). This speculation is supported by IFA data for giantin,

a cis-medial Golgi marker. Using anti-giantin antibodies, entire SFV infected

recombinant cells were stained instead ofa precise defined area (which is usually a round

clump) as seen in non-infected cells. Based on these observations, it is suggested that

SFV may cause either a reanangement or alteration ofthe cellular organelles, resulting in

abnormal organelle morphologies. Despite the alteration in cellular morphology, the

SFV expression system was chosen as a last resort at BCCV Gl expression due to its

high expression rate.

Preliminary and unpublished data on SNV Gl and G2 expression briefly

discussed by Spiropoulou (2001) in a recent review article appear to support the fìndings

of this study. When SNV Gl and G2 were expressed individually the proteins were

located in a defined area in close proximity to the Golgi complex (Spiropoulou et a/.,

2001, unpublished data), further supporting the lack of co-localization that was
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demonstrated in the present study. Spiropoulou (2001) also indicates that there was no

detection of the expressed sNV glycoproteins on the cell surface. while these data are

preliminary, they support that SNV and BCCV (shown in the present study) are similar to

OW hantaviruses and other bunyaviruses in terms of the subcellular localization of their

glycoproteins and consequently support the general Golgi maturation theory.

On the basis of common knowledge about bunyavirus glycoproteins, it was not

unforeseen that BCCV Gl is targeted to the Golgi, since the glycoprotein closest to the

N-terminus of the GPC of bunyaviruses, in the case of hantaviruses, Gl, usually

possesses the signal for Golgi localization (Chen & Compans, 1991; Pettersson and

Melin, 1996) (Table 4). However, bunyaviruses have developed different strategies to

achieve Golgi targeting. For example, the Golgi retention signal of punta To¡o virus

(Phlebovirus genus) has been mapped to the transmembrane domain and the first ten

amino acids of the cytoplasmic tail of the Gl protein (Matsouka et at., 1994). For UUK

virus, the Golgi retention signal has been mapped to the last 50 amino acids of the

cytoplasmic tail of the N-terminally located Gl protein (Andersson e/ a t,, 1997).
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Before discussing the principles of BCCV Gl retention, it is important to

understand the concepts of targeting and retention. According to Munro (1998), a

retention signal anchors a protein in a defined compartment. ln comparison, a targeting

or retrieval signal is used to capture a protein when it is in the wrong place and return it

to the organelle it escaped from, Additionally, it is impoÍant to remember that targeting

or signalling motifs, depending on the function, are simply binding sites made up of short

consecutive stretches of amino acids (Stanley, 1996). It is not the sequence motif which

achieves the function, but rather the binding of other proteins to this motif that in tum

confer these properties (Stanley, 1996).

Cunently, there are two well-known models for Golgi retention of integral

membrane proteins: the oligomerization model and the "bilayer-thickness model',

(Munro, 1998). The oligomerization model suggests that Golgi enzymes form oligomers

within a compartment. These oligomers would be too large to enter the anterograde

vesicles which traffic between the Golgi cistemae or onward to the plasma membrane

(Nilsson et al., 1991, 1993; Munro, 1998; Gomord et al., 1999). The second model

describes Golgi retention being based on the differential membrane thickness of the

different subdomains within the Golgi apparatus and other membranes within the cell

(Masibay et al., 1993; Pelham & Munro, 1993). A cholesterol gradient exists in

mammalian cells between the membranes of the various organelles of the secretory

pathway and these membranes are therefore of different thickness. The plasma

membrane, \'vith a higher concentration ofcholesterol, is thought to be thicker than that of

the Golgi. The bilayer thickness model suggests that the concentration gradient of
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cholesterol and glycolipids fiom the ER to the plasma membrane of mammalian cells

may result in differential membrane thickness. Golgi proteins would be unable to

progress across or beyond the Golgi stack due to their relatively short transmembrane

domains (Munro, 1998; Gomord & Faye, 1999).

At this moment, it is difficult to speculate which retention model BCCV Gl

follows.

4.4 BCCV and HTNV Gl cytoplasmic tails have Gotgi targeting signals

Since BCCV Gl appeared to be targeted to the Golgi, further studies were aimed at

determining which part of the glycoprotein was responsible for Golgi localization. Since

A¡heier et al., (submìtted) had shown that Golgi localization of HTNV Gl was

dependent on the cytoplasmic domain, it was reasonable to hypothesize that the

cytoplasmic tail of BCCV Gl may be responsible for Golgi targeting as well. GFp-

hantaviral glycoprotein fusion proteins were constructed and expression was monitored

by UV microscopy. Since UV microscopy can be very subjective, an independent

method was used to fufher confirm the microscopy results. Membrane fractionation

distinguished between proteins which were membrane associated or cytosolic. Although

all membranes are pelleted during this method, it is important to note that the

fractionation data should be taken together with the microscopy data to provide a

complete picture. Furthermore, since the lfV microscopy data clearly demonstrated

Golgi localization for several of the constructs, it was not an issue if the fíactionation

method was detecting the glycoproteins on the cloplasmic memb¡ane since they were

clearly localized at the Golgi membranes.
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Expression of GFP-BCCV Gls¿o-rzr in 293T cells clearly demonstrated a Golgi

pattern and was membrane associated (Figure 18), thus suggesting that the cytoplasmic

tail of BCCV Gl contained a Golgi targeting signal. This result supports the data

showing the Golgi localization of the full length BCCV Gl expressed in the SFV

expression system (Figure 13). Since the cloplasmic tail of HTNV behaved similarly

(Figurel9), BCCV Gl and HTNV Gl cytoplasmic tails appear to both contain Golgi

localization signals. ln comparison, expression ofthe G2 cytoplasmic tails ofBCCV and

HTNV did not demonstrate ER/Golgi localization (Figure 18 & 19) indicating that the G2

glycoprotein did not have ER/Golgi targeting signals in the cloplasmic domain.

Data from Anheier et al., (submitted) suggested that Golgi targeting of HTNV G1

was dependent on the HTNV G2 SP (23 amino acids), a hydrophobic domain after which

co-translational cleavage of the GPC by the signal peptidase complex occurs (Lober ef

al., 2001). Removal of the BCCV G2 SP from the BCCV Gl cloplasmic tail

substantially reduced the Golgi localization (Figure 20). However, a small percentage of

transfected cells continued to be targeted to the Golgi suggesting that there may be a

secondary signal (in addition to the primary signal in the BCCV G2 SP) in the remainder

of the BCCV Gl cytoplasmic tail. In comparison, removal of HTNV G2 Sp from GFp-

HTNV Gl cytoplasmic tail resulted in complete abolishment of the Golgi targeting

sigral. The HTNV G2 SP may be a stronger signal or rather the primary signal in

comparison to BCCV.

It would not be a surprise if the BCCV Golgi localization was composed of two

signal sequences. The Golgi retention signal of the mouse hepatitis coronavirus appears
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to be composed of two regions: the 22 catboxy-terminal residues of the cytoplasmic tail

and the transmembrane domain (Andersson et al., 1997). Recentl¡ Genard and Nichol

(2002) demonstrated that the Golgi localization signal of Rift Valley Feve¡ Virus

(Phlebovirus genus) is contained within two regions consisting of both the

transmembrane domain and the cytosolic tail of the amino-terminal glycoprotein using

GFP fusion proteins.

Addition of BCCV G2 SP alone to GFP was sufficient to confer Golgi targeting;

even when 12 amino acids were removed from the carboxy terminus of the G2 Sp, Golgi

localization was maintained (Figure 21). Therefore, not only does the BCCV G2 Sp serve

as a targeting sigtal, but as little as 11 amino acids are sufficient. Since the Golgi

localization was less than 100%, this result supports the theory that a secondary targeting

signal may be located in the remainder of the BCCV Gl cytoplasmic tail.

The Golgi targeting signal does not appear to be domain specific since when the

BCCV G2 SP was cloned at the Nterminus of GFP or the inverted sequence cloned at

the C-terminus of GFP, Golgi localization was maintained (Figure 2I & 22). Taken

together with the previous data, it appears that the BCCV G2 SP serves as a hydrophobic

Golgi targeting signal, and as little as 11 amino acids can serve as a Golgi targeting

signal. Since Golgi localization is not 100%, this result supports the theory that an

additional secondary targeting signal (located in the remainder of the BCCV Gl

cytoplasmic tail) may be required for exclusive targeting. The fact that the 23 amino acid

SP and as little as 1 I amino acids from the SP can direct a soluble protein into the Golgi
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further strengthens the conclusion that the Gl tail of BCCV is both necessary and

sufficient to confer Golgi targeting.

Although it may be surprising thât as few as 1 I amino acids can confer Golgi

localization it has been demonstrated previously that short peptides can direct a soluble

protein into the Golgi. For example, Andersson & Pettersson (1998) demonstrated that a

short peptide corresponding to a portion of the cytoplasmic tail of Uukuniemi virus was

also able to direct GFP to the Golgi.

It appears that hydrophobicity alone is driving the Golgi targeting since replacing

the BCCV G2 SP hydrophobic domain with a foreign hydrophobic sequence retains

Golgi targeting. Recall, that the INFV HA TD does not contain Golgi targeting signals

since the INFV glycoproteins are targeted to the plasma membrane. The addition of

INFV HA TD and INFV HA SP directly on GFP and on GFP-BCCV G15ae.6as (truncated)

showed Golgi localization and the fusion proteins were membrane associated (Figure 22

& 23). This data suggests that hydrophobicity is the key factor in Golgi targeting for

BCCV and it is not dependent on a specific sequence since a foreign sequence from

influenza could produce the same effect. These findings are consistent with previous

fìndings which report that retention in the Golgi by glycosyltransferases and coronavirus

glycoproteins is primarily mediated by the hydrophobic transmembrane domain and not a

specific amino acid sequence (Machamer & Rose, 1987; Nilsson et al., 1991; Colley et

al., 1992;Wong et al., 1992).

To confirm the subcellular localization of the GFP-hantaviral glycoprotein fusion

proteins, co-localization was attempted, producing ambiguous results (Figure 24). It is
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important to remember that the fusion proteins are being targeted to the intracellular

membranes from the cytosolic side rather than the luminal sides of the compartments. In

this case, a spatial problem of the proteins may be the culprit of lack of co-localization

since all EWGolgi markers commonly available are proteins that are located on the

luminal side.

4,5 BCCV G2 is localized to the ER

When BCCV G2 was expressed in BHK-T7 cells using the pDisplay BCCV G2

clone, IFA results revealed an ER pattem, and the protein was not found on the cell

surface (Figure 9). This data was supported by the sensitivity to endoglycosidase H

(Figure 11). These results support previous findings of HTNV, the prototype OW

hantavirus. When HTNV G2 was expressed independently, it localized in the ER

(Pensiero &, Hay, 1992; Ruusala et al., 1992; Shi & Elliott, 2002; Anheier et al.,

submitted).

When BCCV G2 was expressed using the SFV expression system, the pattem of

protein expression was difficult to analyze. While some infected cells appear to have an

ER pattem, others showed a Golgi pattem (Figure 13). The observed ambiguity may be

attributed to the fact that the SFV expression system can alter organelle morphology,

thus, it may not be the most reliable system to study subcellular localization (Flick,

personal communication).

The ER localization of BCCV G2 may be determined by sequence specific

signals. For example, an amino acid analysis of the protein revealed an ER retention

motif of the KKXX (K=lysine, X=any amino acid) type at the C-terminus of its short
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cytoplasmic tail. According to Gomord et al., (1999) the cytosolic di-lysine motif has

been identified at the C-terminal end of many type I integral memb¡ane proteins that

reside in the ER of yeast and animal cells. Earlier studies on HTNV, suggested that this

signal is functional when G2 is expressed alone, but during heterodim e/rzaTioî with Gl,

the signal is hidden, allowing G2 to exit the ER and enter the Golgi (Pensiero & Hay,

1992). Vincent et al., (1998) demonstrated that such a signal is not functional when

located within the 13 amino acids adjacent to the hansmembrane domain. This is likely

the case in the hantaviruses, since the KKXX signal in G2 is directly adjacent to the

hansmembrane domain (Spiropoulou, 2001).

4,6 A model for BCCV glycoprotein targeting

The data from the present study suggests that the glycoproteins of BCCV do not

appear at the plasma membrane but are localized either in the Golgi fo¡ BCCV Gl or in

the ER for BCCV G2. Since the localization of the glycoproteins determines the site of

virus maturation, these results do challenge the plasma membrane budding theory

established by Ravkov and colleagues (1997). A few explanations for this discrepancy

include: (1) excessive accumulation of G1 and G2 in the Golgi leading to saturation and

leakage to the cell surface; (2) detection of assembled virus being released at the plasma

membrane by fusion of the secretory vesicles and (3) the presence of a tyrosine-based

motif (YXXL) in the BCCV Gl cloplasmic tail, which can be responsible for Golgi

retention (Machamer, 1993). Tyrosine motifs have been implicated in the recycling of

proteins from the plasma membrane to the trans-Golgi net'ù/ork and also in endoclosis

via clathrin coated pits (Luzio & Banting, 1993). Thus, the Gl glycoprotein may be
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transported to the plasma membrane and then recycled back to the Golgi complex due to

its tyrosine motif. If this hypothesis is true, it would not be too surprising if some

glycoproteins were found on the cell surface, therefore allowing virus maturation.

The data from the study propose that the hantavirus G2 SP consisting of23 amino

acids serves as a primary hydrophobic Golgi targeting signal for Gl. The G2 Sp

hydrophobic sequence serves as a binding site for proteins which result in the retention of

BCCV Gl in this compartment. Once in the Golgi, Gl retention is carried out either by

following the oligomerization theory or the "bilayer thickness" model (Munro, 1998).

For efficient targeting, the BCCV G2 SP appears to work in conjunction with a

secondary signal located in the remainder of the Gl cytoplasmic tail. This signal may be

sequence specific. Only together, can Golgi targeting be 100% efficient. Therefore,

when expressed individually, BCCV Gl is targeted to the Golgi, while BCCV G2 is

retained in the ER. Although the present study did not address this issue, based on

previous work on bunyaviruses, one can hypothesize that when co-expressed, Gl and G2

heterodimerize and G2 can then exit the ER, followed by transport to the Golgi. The

heterodimer would then be retained in the Golgi until virus assembly is completed,

followed by budding into the Golgi cisternae and transport to and release at the plasma

membrane (Figure 25).
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The ¡esults from the present study suggest that BCCV, a NW hantavirus, buds at

the Golgi, similarly to OW hantaviruses. There have been speculations that the different

clinical signs and symptoms of HFRS and HPS could be attributed to a difference in the

budding mechanism between OW and NW hantaviruses. The present study refutes that

hypothesis.

4,7 Future Work

While the expression and targeting of NW hantavirus glycoproteins remains a

subject matter for debate, several avenues in this exciting area of research need to be

addressed.

Firstly, if one wanted to further validate that the Golgi targeting signal of BCCV

G2 SP is not sequence specific, site-directed mutagenesis could be performed. Various

codons could be mutated thus changing the amino acid sequence ofthe BCCV G2 Sp. kt

addition, one could randomly reanange the nucleotide sequence, thus reananging the

amino acids of the BCCV G2 SP,

Secondly, it would be interesting to deduce the second Golgi targeting signal in the

remainder of the BCCV Gl cytoplasmic tail. It would be sensible to start analyzing the

amino acids directly adjacent to the BCCV G2 SP since Munro (1998) suggests that

the amino acids flanking the transmembrane domain often contribute to Golgi

localization. An amino acid comparison between the Gl cytoplasmic tails of BCCV and

HTNV revealed a similar amino acid motif located adjacent to the hydrophobic G2 SP

transmembrane domain (Figure 26). This motif (which contains within it a tyrosine-
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based motif YRTL) may be a candidate for a second targeting signal which may be

sequence specific.

Thirdly, it would be interesting to try similar expression and targeting studies on

other NW hantaviruses to confirm whether Golgi maturation is a common practice for

other hantaviruses found in North./South America. Due to its potential for human to

human transmission, the Andes virus would be an appealing agent to try.

Fourthly, in order to further understand pathogenesis, it is essential to study virion

attachment and the mechanisms by which Gl and G2 interact with the host cell receptor.

Likewise, it is key to identify other host cell receptors which may not have been

considered yet.

Lastly, development ofa reverse genetics system would be beneficial to understand

the importance ofeach gene segment and its contribution to infectivity and pathogenesis.

The concepts outlined in this section have the potential to further strengthen the

results obtained from this study and together, they can provide data to answer the

question of hântavirus maturation and pathogenesis. This information will then serve as a

foundation for understanding the virus life cycle and most importantly for elaboration of

therapeutic interventions such as inhibitors of glycoprotein processing and./or transport.
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4,8 Conclusions

The following conclusions can be drawn from this study:

(1) When BCCV Gl is independently expressed it localizes in the Golgi.

(2) When BCCV G2 is independently expressed it localizes in the ER

(3) Both BCCV Gl and G2 behave in a similar fashion to HTNV, an OW hantavirus.

(4) The Golgi targeting signal for BCCV glycoproteins is located in the BCCV Gl

cytoplasmic tail, specifically in the G2 SP which remains with the Gl cytoplasmic

tail following cleavage.

(5) The Golgi targeting signal (G2 SP) is not sequence specific nor is the position of

the SP important. The Golgi targeting function of the G2 SP is dependent on its

hydrophobicity.

(6) It appears that the G2 SP works in conjunction with a second targeting signal,

most likely located in the remainder of the Gl cytoplasmic tail.
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