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ABSTRACT 

The family Bunyaviridae is the largest known taxonomic 

group of arboviruses. Four of the five genera possess 

members which are responsible for serious human and 

livestock disease. The worldwide distribution of these 

viruses justify studies which will allow understanding of 

the replication and transcription cycles within permissive 

cells. 

The bunyaviruses have been shown to possess a 

tripartite single strand RNA genome of negative polarity. 

Replication is confined to the cytoplasm and the virion 

envelope is acquired when the genome ribonucleoproteins bud 

into the golgi. Virus release is presumed to be through 

exocytosis and ultimately cell lysis. 

The messenger RNA species of all five genera do not 

possess a poly-A tail of sufficient length to bind to an 

oligo(dT) cellulose column. This has made separation of 

viral transcripts from replicating RNAs difficult. In an 

effort to achieve this separation, infected cell extracts 

were centrifuged over 20-40% CsCl gradients which permitted 

replicating RNA structures to band at a density of 1.32 

while cellular and viral mRNAs pellet. 

Recovery of viral transcripts from the CsCl pelleted 
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RNA required synthesis of a cDNA copy of the virus genome 

to use as a probe. This was done by an unusual method which 

employs both genome and antigenomic RNA as templates for 

reverse transcriptase in a first strand synthesis reaction. 

Recombinant viral clones were then used in a hybrid 

selection scheme to recover virus mRNA from pelleted 

material. 

After recovery, the messages were visualized on acid 

urea agarose gels pH 3.5, or used to program an in vitro 

translation reaction. Using these methods, it was 

established that each genome segment codes for a single 

messenger RNA which is most likely capped, and that for at 

least the mid sized segment, proteins with molecular 

weights which exceed the coding capacity of the genome are 

translated from the single message. 



INTRODUCTION 

Taxonomy and Distribution 

Arboviruses have long been recognized as etiologic 

agents of disease in man and animals. They are defined by 

the World Health Organization as viruses which are 

maintained in nature principally through biological 

transmission between susceptible vertebrate hosts by 

hematophagous arthropods, they multiply and produce viremia 

in vertebrates, multiply in the tissues of arthropods and 

are passed on to new vertebrates by the bites of arthropods 

after a period of extrinsic incubation (Berge, 1975). The 

family Bunyaviridae is the largest taxonomic subset of 

arboviruses containing over 200 members, grouped into five 

genera (Bishop et aI., 1981; Schmaljohn et aI., 1983). 

Responsible for a large number of debilitating and/or 

lethal diseases, they are of serious social and economic 

importance. Their clinical manifestations are varied. Rift 

Valley Fever Virus, of the Phlebovirus genus, frequently 

induces abortions in ruminants, and can be fatal to man. 

Phleboviruses are most often transmitted by sandflies. An 

epidemic among American servicemen in Italy in 1944 led to 

the isolation of Naples Sandfly Fever Virus, and was 

concomitant with an unusually high prevalence of 

1 
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Phlebotomus papatasi sandflies. The Nairovirus genus 

includes Nairobi Sheep Disease Virus, causing acute 

gastroenteritis in sheep and goats. Another representative, 

Crimean-Congo Hemorrhagic Fever Virus induces high fever, 

photophobia, organ hemorrhages and necroses in humans. The 

newest genera, Hantaan, has ~s its prototype Hantaan, or 

Korean Hemorrhagic Fever virus, (Schmaljohn, 1983), a human 

pathogen causing severe, sometimes fatal febrile illness. A 

fourth genus, the Uukuviruses, have as their natural hosts 

passerine birds. The viruses are transmitted by Ixodid 

ticks, although laboratory infe~tions of man have been 

documented. Possessing 147 members is the genus Bunyavirus 

which is further categorized into sixteen serogroups. Of 

these, the California serogroup has members which have been 

isolated from different vertebrate hosts in 35 of 50 states 

(Fig.1). The prototype of this serogroup is th,e California 

encephalitis virus, a human pathogen isolated from Aedes 

melanimon mosquitoes in California in 1943. It was the 

first recognized case of human encephalitis caused by a 

California serogroup and was subsequently found in several 

western states. For the period 1964 to 1981, 1347 (36.2%) 

of all 'viral encephalitidies reported to the CDC were from 

the California serogroup. This makes these viruses second 

only to St. Louis encephalitis as a cause of arboviral 

disease in the United States (Le Duc, 1979; Calisher and 

Thompson, 1983). 



Figure 1: Known Distribution of California Encephalitis 
Viruses in the United States 
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Figure 2: Known Distribution of LaCrosse Virus in the 
United States 
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The four viruses most closely related serologically to 

California Encephalitis are Inkoo, La Crosse, San Angelo, 

and Tahyna. Tahyna was isolated from the blood of febrile 

children in Czechoslovakia in 1975. San Angelo is not a 

human pathogen and was recovered from mosquitoes in the 

southwestern United States. La Crosse was identified in 

1964 in autopsy brain tissue of a 4 year old female in La 

Crosse, Wisconsin (Thompson, et al., 1965). It has since 

been found in a number of different states, being carried 

by some thirteen mosquito types (Figure 2). Inkoo was 

isolated in Finland, and normally causes encephalitis in 

birds and rodents (Brummer-Korvenkontio et al., 1973). 

Life Cycle 

La Crosse has exhibited transovarial, veneral and 

oral transmission (Beaty and Thompson, 1976/78). Viral 

antigens are observed first in the midgut approximately 

five days after feeding on an infected blood meal. Virus 

particles are thought to pass from the basal lamina of the 

gut into the hemolymph and from there through all the 

tissues in the vector (Murphy et a1., 1976). Virus has been 

localized by fluorescent antibody studies in the heart, 

cerebral, thoracic, and abdominal ganglia, fat body, ovary, 

oViduct and salivary glands (Beaty and Thompson, 1978). For 

the remainder of the mosquitos' life it is infectious. The 

time period, from infection of the mosquito until the virus 

5 



matures and is capable of transmission to a vertebrate is 

called the extrinsic incubation period. 

6 

With the presence of viral antigen in the mosquito 

ovary and oviduct, it was not surprising to find 

transovarial passage of virus (Le Duc, 1979). What is 

somewhat surprising is that the presence of the virus in 

the eggs does not seem to affect their viablilty. There is 

some evidence though, that the fecundity of the female m_ay 

be affected. Progeny are fully infectious by the time of 

their maturation, females will emerge with their ovaries 

already full of transmissible virus (Beaty and Thompson, 

1976). This, then, allows tremendous amplification of the 

virus during a single mosquito life cycle. Indirect 

evidence of the involvement of small animals in the life 

cycle of California viruses came in the early 1970's when 

high antibody prevalence (65-70%) rates were discovered in 

squirrels and chipmunks. U~oulton, Thompson 1971). 

Subsequent laboratory experiments confirmed the fact that 

these animals could become sufficiently viremic to re

infect other mosquito vectors (Gauld et a1., 1977). Wright 

and Defoliart (1970) demonstrated that the principal 

mosquito vector for La Crosse, Aedes triseriatus, fed 

generally on small forest mammals, thus completing the life 

cycle for this virus. Because some infections are lethal 

and surviving victims are rendered non infectious after 



recovery, man is considered a dead end host for these 

viruses (Figure 3). 

7 

Questions immediately arise as to the mechanism of 

pathogenicity of these viruses. It is not merely a matter 

of host specificity, as of the three primary hosts in the 

life cycle, one is killed, one becomes viremic and the 

third suffers little or no adverse affect. Their cytolytic 

property in mammals in vivo appears to be tissue specific 

and a variety of in vitro cell culture systems are being 

employed to try and understand the viral tissue tropisms. A 

critical point in understanding the perpetration of these 

viruses and certainly in seeking a method of controlling 

epidemics is understanding the infection in the vector. As 

previously mentioned the virus replicates in a variety of 

tissues within the mosquito with no apparent changes in 

cytology other than intracellular accumulation of viral 

antigen. Aedes albopictus cells in vitro are not killed 

following infection with the California serogroup virus 

Inkoo (Florkiewicz 1982). Instead, they produce a low level 

of infectious virus, some of which appears to be 

temperature sensitive mutants and also display altered 

intracellular RNA patterns. These altered RNAs could 

conceivably be defective interfering particles. These are 

RNAs in which a deletion has occured, requiring it to have 

a wild type helper virus to replicate. At the same time, 

they are more efficient at replication than wild type, thus 
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NATURAL CYCLE ,CLINICAL DISEASE 

Tran arian 

Venereal 

Figure 3: General Life Cycle of California Encephalitis Viruses 
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interfering with the production of normal progeny. As of 

yet, it is unknown how the situation ~ vitro compares with 

that in vivo. Persistent infections of mosquitoes and 

reservoir hosts have been postulated to be a product of 

antigenic drift of the viruses, a means by which the 

infecting virus can escape destruction by host antibodies. 

Evidence for changes in antigenicity with time are most 

strikingly evident in the orthomyxovirus, influenza. Point 

mutations acquired during normal infectfons alter the 

antibody recognition sites thus allowing the virus to 

broaden its prospective host range. In vitro experiments 

involving virus passaged in the presence of antibody (Laver 

and Webster, 1968) confirm the ability of the virus to 

respond flexibly to selective pressure. Thus in addition to 

being the source of amplification, the vector may also be 

responsible for the evolution of the virus. 

Morphology and Morphogenesis 

Electron microscopic studies of Bunyaviruses in 

general show a similiarity in shape, size, and surface 

projections. The particles are spherical, 80-120 nm in 

diameter, and appear to possess a lipid envelope with 5-10 

nm surface projections which surrounds a nucleoid of 

variable electron density (Holmes, 1971; Murphy et al. 

1968a; Murphy et a1. 1968b). Petterson and von Bonsdorf 

(1975) see these spikes in Uukuviruses in hexagonal arrays 



and suggest an icosahedral symmetry. This has not been 

confirmed with other Bunyaviruses which may indicate some 

morphological variation. The morphogenesis of this viral 

family contrast sharply with other major RNA virus groups. 

The virus replicates exclusively in the cytoplasm (Goldman 

et al., 1977), and maturation occurs on the smooth 

endoplasmic reticulum associated with the Golgi apparatus. 

Ribonucleoproteins, which have never been observed free in 

the cytoplasm condense in arcs or crescents on the face of 

vesicular membranes while the virus spikes collect on the 

contralateral face and project into the lumen of the golgi 

(Smit.h and Pifat, 1982; Lyons and Heyduk, 1973). The 

membrane complex is thought to wrap around the RNP 

structure. Thus, mature particles collect within the golgi 

and are transported to the plasma membrane within vesicles 

where fusion and release of virus occurs. 

Composition of the Particle 

10 

The genome of the Bunyaviruses is single strand RNA 

of negative sense, that is, the RNA itself is non

infectious (McLerran and Arlinghaus, 1973; Pettersson and 

Kaarianen, 1973; Bouloy et al., 1973/74; Obijeski et ale 

1976b; Clewley et al., 1977). It is tripartite and each RNA 

segment is closely associated with nucleocapsid proteins. 

Molar ratios of RNA segments in purified virions no doubt 

vary, but for Inkoo it is thought to be 1:4:2 for L 
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(large), fvJ (medium), and S (small), respectively. The 

nucleocapsids are enclosed in a lipid containing membrane 

from which two types of glycoprotein project. The complete 

chemical composition has been cited as 2% RNA, 58% protein, 

33% lipid and 7% carbohydrate (Petterson and Renkonen, 

1 977) • 

There are three structural proteins in the virus 

particle N, the nucleocapsid protein, and G1 and G2, the 

glycoproteins which form the surface spikes. These 

glycoproteins are responsible for the antigenicity of the 

virus (Gentsch et a1., 1980). In addition, several non

structural proteins have been reported. Purified viruses 

possess only one of these, L, which is presumed to be the 

virion polymerase. The rest vary in molecular weight with 

the parent virus, Inkoo and La Crosse are believed to 

induce at least two non-structural proteins, p10, coded for 

by the S segment and sometimes referred to as NS s ' and p17, 

coded for by the M segment, and referred to as NS!vl 

(Lindsey, 1983; Fuller and Bishop, 1982; Short et al., 

1982). A table of the molecular weights of the viral 

proteins is given in Table 1. 

The RNAs themselves have been termed L,M,and S for 

large (MW 2.9x106 ), medium (1.8x106 ), and small (.32x106 ) 

(Obijeski et alo, 1976). The three species of La Crosse 

were shown to be unique from each other (Clewley et al., 



Table 1: Protein Species Found In InkoD and LaCrosse Infected Cells 

PROTEIN SPECIES MOL. WT. x 103 TOTAL PROTEIN (%) NO. OF MOL./VIRION 

L 190 3 25 

GI 120 51 650 

G2 35 14 629 

N 25 32 2126 

NSM 17 ? ? 
NSS 10 ? ? 

.... 
N 
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1977) and from other viruses (Pettersson et a1.). 

Interestingly" electronmicroscope studies showed the RNAs 

as possessing a circular as well as linear configuration 

(Samso et a1., 1976; Hewlett et a1., 1976; Obijeski et a1., 

1976a). Hewlett et a1. demonstrated that the denatured 

linear forms could be renatured into circular ones and that 

panhandle structures could be observed. This suggested that 

the termini of the RNAs were complementary and base paired 

in the virion. Sequence studies have confirmed this idea, 

and showed that not only are the ends of each RNA 

complementary, but that for La Crosse and Inkoo, the first 

11 nucleotides at either end are conserved for all three 

RNA size classes (Obijeski et a1., 1980; Parker and 

Hewlett, 1981). This may explain the circularity of the 

molecules and also allows for a variety of secondary 

structural arrangements. Pardigon et al. (1982) have been 

successful in isolating the panhandle structures of 

Germiston S RNA in vitro and sequencing them. Similiar work 

was done with La Crosse (Patterson et a1., 1983). Figure 4 

shows the possible secondary structures for these termini. 

Figure 5 shows possible secondary structures produced 

through the interaction of the three RNA species. It has 

been hypothesized that one of these elaborate base paired 

structures may be the form which is recognized by the 

replicase in the infected cell, or that the secondary 

structure msy have some significance in the packaging of 
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Terminal nucleotides of each of the three genome segments 
are complementary at the 5' and 3' ends and conserved for at 
least 11 nucleotides between segment~. This 11 nucleotide 
conservation also exists between members of the same genus. 
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RNPs into mature virions. Sequence information has also 

shown that the first eleven nucleotides are conserved among 

different members of the Bunyavirus genus, including La 

Crosse, Snowshoe Hare, Pahayokee, Germiston and Inkoo. 

Genome Coding Assignments 

In a series of experiments involving reassortants, 

that is, viruses whose genomes segments· are derived from 

two different parental viruses, Bishop and his colleagues 

(Gentsch and Bishop, 1978) have demonstrated the coding 

assignments for the small and middle genome segments. Using 

two closely related viruses, Snowshoe Hare and La Crosse, 

whose nucleocapsid proteins differed in tryptic peptide 

maps, they observed that whenever a reassortant Snowshoe 

Hare virus possessed normal Land M segments, but had a La 

Crosse S segment, progeny virions possessed a nucleocapsid 

protein with a tryptic peptide map identical to one from a 

wild type La Crosse virus. Similiar experiments were done 

with the middle segments as the reassorted segment and 

confirmed that the two glycoproteins and at least one 

nonstructural protein NS M, were coded for by this segment 

(Gentsch and Bishop, 1979; Fuller and Bishop, 1982). By 

exclusion then, and because of size constraints, the large 

190,000 MW protein is believed to be coded for by the large 

segment. More recently the 10,000 MW non-structural protein 

has been assigned to S (Lindsey, 1983). 
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It is obvious then that some if not all of the 

Bunyavirus genome segments code for more than one protein. 

There are several ways in which this could be accomplished: 

1) splicing of messenger RNA species 2) polycistronic 

messages with internal initiation sites 3) proteolytic 

processing of a precursor polypeptide, 4) multiple 

monocistronic mRNA species and 5) single messenger RNAs 

with overlapping reading frames. The first possibility is 

unlikely because the Bunyaviridae do not possess a nuclear 

ph a s e in the i r 1 if e c y c 1 e (G old man eta 1 • , 1 977). The 

second is also improbable as this scheme is typical of 

prokaryotic messages and is unknown for eukaryotic cells. 

It has been suggested for the flaviviruses, (Westaway et 

a1., 1977), but no one has been able to secure solid 

evidence in defense of this. Lazzarini and coworkers (1981) 

have shown that vesicular stomatitus virus can form a 

polycistronic message under certain in vitro conditions. 

When the transcriptase reaches the polyadenylation signal 

at the end of each message however, it "chatters", that is, 

adds a number of non templated adenines and then 

continues on to the next message. This permits the 

transcriptase to "read-through" and never truly re

initiate. 

The third possibility has been shown by Ulmanen and 

co workers to be a possibility for the mid-sized segment of 
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the Uukuviruses. ~ vitro translation studies using M 

message have shown that a large (110,000 MW), 

immunoprecipitable protein is synthesized in the absence of 

dog pancreas microsomes (Ulmanen, et a1., 1981). When the 

membranes are added to the reaction, this large protein is 

not seen; instead two proteins of approximately 70,000 MW 

are observed. This can be explained if one were to cleave 

the 110,000 MW precursor roughly in two. Since several 

investigators have more recently shown the M segment to 

code for an additional nonstructura1 protein (Fuller and 

B ish 0 p, 1 982; We s taw ay eta 1 ., 1 983) , an 0 the r me c han ism 

beside proteolytic processing may be involved. 

It was of interest then, to show which of the two 

remaining choices functioned during bunyavirus infection. 

To do this, virus specific mRNA needed to be purified from 

infected cell extracts. The messages of all Bunyaviruses do 

not possess a poly A tail which is of sufficient length to 

bind to an oligo(dT) column. This has made purification of 

viral messages impossible by conventional methods. Attempts 

at analyzing intracellular viral RNAs of positive polarity 

indirectly have been done using radio1abe1ed purified virus 

RNA as a probe, annealing with infected intracellular 

extracts, digesting with S1 nuclease and sizing on 

nondenaturing gels (Abraham and Pattnaik, 1983). This 

method has shown only one complementary RNA species per 

genome segment in infected cells. More recently, however, 
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two independent investigators have shown strong evidence 

for RNA species complementary to the virion S segment 

(Cabradilla et a1., Patterson et a1., 1983). In addition, 

Patterson and her co-workers (1983) have detected the 

presence of short (94-120 nucleotide) cRNA species in 

infected cells which hybridize to the 3' end of the virion. 

These sequences are believed to be leader sequences which 

function in a manner analogous to that in the 

paramyxoviruses. (Leppert et a1., 1979; Colonno and 

Bannerjee, 1976). 

Purpose of the Dissertation 

In order to comprehend the means by which viruses 

are propagated in nature, one must have a clear 

understanding of the intracellular events following 

infection. The basis for all viral induced activity is in 

the interaction of virus proteins with its own genome and 

with the internal machinery of the host cell. But before 

any virus protein can be made in an infection with a 

negative strand virus, messages must be transcribed and 

made func t ion a1. 

My project was to elucidate the molecular 

structure of this important RNA species and to attempt to 

understand the way it functions within the host cell. This 

undertaking required first a reliable method of separating 

desired messenger RNA species from viral replicative 
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structures in the cell and also from cellular messages and 

ribosomal RNAs. To accomplish this, I have employed high 

salt gradients and finally have cloned the virus we use 

(Inkoo) and employed it as a probe fer cRKA species. 



MATERIALS AND METHODS 

Radioisotopes and Enzymes 

35S methionine (SOOCi/mmo1e), 3H uridine 

(30Ci/mmole), 32p orthophosphate (50-1000 Ci/mmole), and 

gamma 32p (dATP) (1000-3000 Ci/mrr.o1e) were purchased from 

New England Nuclear (NEN). RNases A, Tp and T 2 , were 

obtained from Worthington or Ca1biochem. Reverse 

transcriptase, the K1enow fragment of ~ coli. polymerase 

B, ter min a1 deox yn uc 1 eo tid y1 tr an sfer ase, and G-tai1 ed 

pBR322 cloning vector were purchased frorr. (NEN) or Bethesda 

Research Labs, Inc. (BRL). Primers used in cloning, the 

LaCrosse 4C-26 clone containing a full length small segrr.ent 

insert and !:. ~ strain mm294 were gifts from Dr. John 

Obijeski at the Centers for Disease Control, Atlanta. 

Rabbit reticulocyte and wheat germ translation systems were 

purchased as kits from BRL. 

~ Lines 

BHK-21 (Baby Hamster Kidney, Wistar Strain WI-2) 

were obtained from Dr. Margo Brinton. Cells were grown to 

large numbers upon receipt and frozen for storage in 10% 

DMSO. Cells were passed for experimental use four or five 

times after thawing and then terminated to minimize 
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possible mycoplasma contamination. Cells were grown 

without antibiotics in Dulbecco's modified Eagles media 

3upplemented with 10% fetal calf serum. 
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Mouse neuroblastoma C1300 cells (NB147) were purchased 

from the American Type Culture Collection. The cells were 

at passage 43 when purchased, grown to large numbers and 

frozen as described. Cells were thawed and passed five or 

six times unless persistently infected in which case 

passages were increased, and maintained in Ham's F10 

Nutrient Media supplemented with 15% horse serum and 2.5% 

fetal calf serum. 

Virus Growth and Purification 

I n k 0 0 vir us was 0 b t a in e d fro m Dr • N. K a r a bat so sat 

the CDC Ft. Collins in dehydrated suckling mouse brain. 

Virus was three times plaque purified and a stock titered 

at 1x10 8 pfu/ml by agarose overlay plaque assay was frozen 

at _70 0 C. Virus infections were done on confluent monolayer 

BHK-21 cells at a multiplicity of infection (MOl) of 0.1 to 

0.01. Virus was allowed to adsorb for 45 minutes and cells 

then maintained in DMEM supplemented with 2% FCS. 

Supernatants were harvested at 3-4+ CPE (cytopathogenic 

effect) and clarified by centrifuging at 10,000xg for 20' 

at 40 C. Virus was purified by precipitation from infected 

supernatants with 7.5% polyethylene glycol and 23 gIl NaCl. 

After stirring at 40 C for three hours the solution was 
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centrifuged at 10,000xg for 20 minutes. Supernatants were 

discarded and pellets resuspended in TSE buffer (10mM Tris-

HCL, 150 mM NaCI, lmM EDTA pH 7.4), layered onto a 10 ml 

45% K-tartrate/TSE, 30% glycerol/TSE gradient, and 

centrifuged 5 hours in a Beckman SW41 rotor at 40,000 rpm. 

The visible virus band was collected, diluted four fold in 

TSE and pelleted one hour at 40,000 rpm in an SW 41 rotor. 

The pellet was resuspended in TSE and 0.5% SDS, 3X 

phenol:chloroform extracted and ethanol precipated 

(Obijeski et al., 1974). Intracellular RNA infections were 

on monolayer BHK cells at an M.O.I. of 10. If radiolabeling 

was desired, actinomycin D at 4ug/ml was added one half 

hour before the addition of label to inhibit cellular 

transcription, and ethidium bromide added at 2ug/ml to 

inhibit mitochondrial transcription (Dubin and 

Montenecourt, 1970). 

Acetylcholine Esterase Assays 

A modification of a procedure to measure levels of 

acetylcholine originally described by McCaman and Hunt 

(1964) was used in which cell extracts are tested for their 

ability to cleave 14C acetylcholine to 14C acetate and 

nonradioactive choline. 5x 10 6 cells are lysed in 100ul of 

TSE and 1 % Np40 pH 7.4, and the nuclei are removed. Cell 

extracts were made 50mM K2 P0 4 pH 7.4, and 0.2M NaCI. luI 

14C acetylcholine was added and 30ul samples taken at time 
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o and after 30 and 60 minutes of incubation at 37 o C. The 

samples were made 20n:M choline chloride and 7ul of 0.2N HCL 

saturated with ammonium reineckate salt was added to 

precipitate the choline. After incubation on ice to insure 

total precipitation, the reaction was centrifuged and the 

supernatant discarded. Pellets were dissolved in 60 ul of 

acetone and counted in 5mls of Autofluor scintillation 

fluid to determine the amount of 14c acetylcholine present. 

CsCl Gradient Analysis 

Intracellular extracts were prepared by lysing 

6x10 1 cells in TSE & 1% NP40 on ice. Nuclei were removed by 

centrifugation and the resulting supernatant made 20n:M EDTA 

to dissociate ribosomes. Extracts were loaded onto a 9ml 

preformed CsCl/TSE gradient with a 2 n:l 5% sucrose/TSE pad 

(Simonsen et a1., 1915). Centrifugation was in an SW41 

rotor for 16 hours at 32,000 rpm at 12 o C. Visible 

nucleocapsid bands were harvested, diluted 4X in water and 

ethanol precipitated (Lindsey, 1983). Nucleocapsids were 

recovered by centrifugation at 10,000 rpm for 40 minutes, 

resuspended in TSE & SDS and 3X phenol extracted. The RNA 

was then ethanol precipitated. RNA in the pellet was 

precipitated as a cetyltrimethylammoniumbromide salt 

(CTAB)(Ralph et al., 1961). washed 2X with 10% ethanol in 

150mM NaCL and dried. 
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~ End Analysis 

Pelleted RNA which had been radiolabeled with 

500uCi/ml 32p orthophospate in the presence of actinomycin 

D was collected as described and either digested directly 

with 20 units/ml RNase T1, 50 U/ml T2, and 20 U/rnl of RNase 

A (Rose, 1977), or the pellets were passed over an oligo dT 

cellulose column to remove cellular messages and then 

digested. RNA was then applied to DEAE cellulose paper and 

ionophoresed 6 hours at 3500 volts. The paper was dried and 

then used to expose Kodak X-OMAT film. 

Acid Urea Gel Electrophoresis 

RNA was analysed on 1.5% agarose 6M urea gels at pH 

3.5 as described by Lehrach (1977) and Wertz and Davis 

(1979). Agarose was dissolved in 6M urea in a microwave, 

cooled to 37 0 C and made 0.025 M Na citrate pH 3.5. The 

mixture was poured into a vertical slab gel apparatus and 

allowed to solidify at 40 C for at least 1 hour. Samples 

were dissolved in 20ul sample buffer (6M urea, 0.025 M Na 

Citrate buffer ph 3.5, 1% SDS, 1% Ficoll, 0.025% 

bromophenol blue dye) and electrophoresed five hours at 

100V in 0.025 M Na citrate buffer pH 3.5. Gels were exposed 

with Kodak X-OMAT film. 

RNA:RNA Hybridizations 

RNA:RNA liquid hybridizations were done by the 

method of Ito and Joklik (1972), as modified by Freeman et 
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a1., (1977). Briefly, RNA's to be hybridized are 

resuspended in water and denatured by the addition of 9 

volumes of DMSO at 45 0 C for 30 minutes. Denatured RNA is 

allowed to anneal by adjusting the mixture to 63% DMSO in 

10mM Tris pH7.4 30mM NaCl and 2mM EDTA at 37°C for 24 

hours. RNA is then ethanol precipitated and analyzed on 10% 

discontinuous SDS polyacrylimide gels (Laemmli, 1970). 

RNA Transfers and Hybridizations 

RNA was transferred from agarose acid urea gels 

using 20X SSC (NaCl/Na citrate) buffer as described for DNA 

by Southern (1975) and modified by J. Obijeski (personal 

communication). Gels were neutralized by 3 washes in a 50rr.M 

sodium phosphate buffer pH 7 and stained with ethidium 

bromide. The neutralized gel is laid on 4 sheets of Whatman 

3MM filter paper saturated with 20X SSC and overlaid with 

NEN Genescreen transfer membrane. A 3 inch stack of wicking 

paper was placed on top of the Genescreen and covered with 

a plexiglass sheet and weighted down. Transfers were 

allowed to sit for 12-18 hours. After transfer is complete, 

the Genescreen is air dried and baked in a vacuum oven at 

80 0 C for 2 hours. 

H y b rid i z a t ion s we rep e r for m e d as des c rib e d b Y Th 0 mas 

(1977> except that no dextran sulfate was used, and wash 

times were increased. The blots were exposed to X-Ray film 

at _70 o C using a Kodak intensifying screen (Cronex Hi-



27 

Pl us) • 

Cloning of Inkoo Genoree Segreents 

Preparation of Inkoo cDNA was done by a method 

utilizing double strand RNA replicating structures sireiliar 

to that used to clone the Reov ir us SA 11 (Both et al., 1982; 

Shatkin et a1., 1983; Obijeski, personal comreunication). 

Full length double strand RNA is isolated from the 

nucleocapsid region of CsCl gradients, resuspended at 

100ug/ml in a 50ul volume of 100mM Tris-HCL pH 8.3 10mM 

MgC1 2 140reM KCL, 0.5 units RNasin, 1reM each of the four 

dNTP's and 400 units/ml reverse transcriptase as described 

in Man i at i set a 1. (1 982 ) • Th e mix t u r e was he ate d to 6 5 0 C 

and quick cooled prior to the addition of reverse 

transcriptase and then incubated at 42 0 c for three hours 

(Taylor et a1., 1916). The reaction was stopped by the 

addition of 2ul of 0.5M EDTA pH8.0 followed by 25 ul of 150 

mM NaOH and incubation at 65 0 C for one hour to rereove RNA. 

The solution was neutralized by the addition of 25ul 1M 

Tris-HCL pH 8.0 and 25 ul 1N HCL, phenol extracted and 

ethanol precipitated. Complementary DNA was recovered by 

centrifuging in an Eppendorf microfuge for 10' at 4 0 C and 

resuspended in 100ul of 0.1M HEPES pH6.9, 10reM MgC1 2 , 25reM 

dithiothreitol, 10mM KCL and 1mM of each of the four 

dNTP's. The mixture was heated to 10 0 C and allowed to slow 

cool. Incomplete strands were then extended with the Klenow 
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fragment of !:.. coli DNA polymerase B (Klenow and 

Henningsen, 1970) for 24 hours at 15 0 C. The reaction was 

stopped with the addition of 2ul of 0.5M EDTA, phenol 

extracted and ethanol precipitated. Double strand cDNA was 

recovered by centrifugation and separated according to size 

by electrophoresis through a non-denaturing 5% 

polyacrylamide Tris Borate EDTA gels. Desired cDNA was cut 

out, electroeluted into 0.1X TBE Buffer (1x=90mM Tris-HCL 

pH8 90mM Borate and 3mM EDTA) and ethanol precipitated. 

DNA was C-tailed by dissolving in 25ul of water and 

adding 25ul of 0.4M Na Cacodylate, 50mM Tris pH6.9, 4mM 

DTT, 1mM CoCl 2 , 2mM dCTP and 500 ug/ml BSA. Five units of 

terminal deoxynucleotidyl transferase per ug of cDNA was 

added and the mixture incubated for 5-10 minutes at 37°C 

(Maniatis et a1., 1982). Tailed DNA was phenol:chloroform 

extracted and ethanol precipitated. 

C-tailed insert was annealed to G-tailed pBR322 

opened at the Pst! site in 100mM NaCl 10mM Tris-HCL pH 7.8, 

and 1mM EDTA by heating to 65 0 C and incubating at 57 0 C for 

1-2 hours. 

Annealed plasmid was used to transform!:.. coli strain 

mm294 in a CaC1 2 buffer as described by Mandel and Higa, 

(1970), and plated on Luria-Bertlach plates containing 

tetracycline at 10ug/ml or ampicillin at 40ug/ml. 

Ampicillin sensitive colonies were screened for the 



29 

presence of inserts by growing plasmid minipreps as 

described by Dr. Jack Rose (personal communication) and 

digesting resultant plasmids with PstI and electrophoresing 

in 5% polyacrylimide gels. 

Colonies containing inserts were identified as virus 

specific by dot-blot analysis. Briefly, mini-prep plasmids 

are linearized with PstI made 0.3N NaOH, 1M NaCl, spotted 

onto nitrocellulose and baked 1 hour in a vacuum oven at 

80 0 C (White et a1., 1982). Blots were probed with 32p 

labeled viral cDNA prepared using random calf thymus 

primers and reverse transcriptase. 

Segment specificity was determined by electrophoresing 

purified viral RNA in agarose gels and transferring to 

nitrocellulose as described above. Transfers were probed 

with individual clones which had been radiolabeled with 32p 

in a nick translation reaction (Kelley et al., 1970; Rigby 

et al., 1977). 

Analysis £f Viral Polypeptides 

Infected BHK cells were labeled with 20uCi/ml 35S 

methionine at various times post infection. Monolayers were 

washed 2X in PBS (phosphate buffered saline) and lysed on 

the glass by the addition of TSE and 1% NP40. Samples were 

electrophoresed on 10 or 15% polyacrylimide gels as 

described by Laemmli (1970). Immunoprecipitations were 

performed as described by Wold and Green (1976/79), using 



antibody derived from mouse ascites fluid, a gift from Dr. 

Nick Karabatsos at the CDC Ft. Collins. 

Hybrid Selection 
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Virus specific messages were purified away from 

cellular RNA in CsCl pellets by employing a standard 

hybridizaion selection technique (Ricciardi et a1., 1979), 

Briefly, plasmid DNA was dissolved in Tris EDTA buffer pH 

7.6 and bound to nitrocellulose filters. Filters were baked 

in vacuo for 2 hours at BOoC, then hybridized against RNA 

in the CsCl gradient pellet in a 65% formam ide, 0.2N Pipes 

pH7.6 buffer overnight at 42 o c. Filters were washed 

extensively in SET and SDS buffer (0.15 M NaCl, 0.01M Tris

HCL, pH7.6, .001 M EDTA, 0.5% SDS) and hybridized RNA 

eluted by boiling 60 seconds and freeze thawing. Recovered 

RNA was ethanol precipitated. 

In Vitro Translation 

Intracellular, pelleted, or hybrid selected RNA was 

used to prime a micrococcal nuclease treated rabbit 

reticulocyte or wheat germ translation system which were 

purchased from New England Nuclear. All exogenous RNAs were 

added as the potassium salt of the nucleic acid. 



RESULTS 

Infections !n NeuroblastoWoa Cells 

Many Bunyaviruses exhibit a specific pathogenicity 

for the central nervous system in their natural vertebrate 

hosts. Very little is understood about viral infections in 

nerve cells versus infections in other somatic cell types. 

Mouse neuroblastoma C1300 cells were employed to try and 

mimic Bunyavirus growth in the central nervous system. 

Figure 6 is a growth curve of Inkoo virus in C1300 cells as 

shown by the release of plaque forming units into in the 

culture media at indicated times post infection. The cells 

appear to support the growth of standard Inkoo virus, and 

yield titers comparable to those found in other permissive 

cell lines. To confirm this, and to visualize intracellular 

virus specific RNAs, C1300 cells were labeled in the 

presence of 4ug/ml actinomycin D with 100uCi/ml of 32p for 

2 hours. It was noted that at early times post infection, 

up to one-half of the cells rounded up and detached from 

the g 1 ass, but did no t 1 Y s e. Th ere for e, c ell sst i 11 

attached to the glass and floating cells were harvested 

separately, washed, lysed in TSE and 1% NP40 and the cell 

extracts phenol extracted and ethanol precipitated. Samples 

were electrophoresed on 1.5% agarose gels and both groups 
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Figure 6: Growth Curve of Standard Inkoo Virus on Mouse 
Neuroblastoma C1300 Cells. 

Plaque formine units were determined by tnkinf, aliquots of 
supernatant, infectinp, I3IIK-21 (Baby Hamst.er Kidney) cells 
and usinp, an Rf,arose overlRY proct?dure to titer the number 
of plaques. 
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of cells were found to yield intact viral RNAs in 

approximately the same amount (Figure 7). The significance 

of the morphological changes which occur in some of the 

C1300 cells is unknown. 
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C1300 cells secrete the neurotransmitter 

degradative enzymes tyrosine hydroxylase and acetycholine 

esterase. A modification of an assay for acetyl transferase 

originally described by McCaman and Hunt (1964) was used to 

determine levels of acetylcholine esterase present in 

rteural cell extracts. Since the infection with Inkoo is 

normally lytic, it was hoped that the establishment of a 

persistent infection in neural cells might be characterized 

by an alteration of these enzymes. Several attempts were 

made to establish a stable persistently infected cell line, 

but was unsuccessful. Therefore, the status of 

neurotransmitter degradative enzymes following infection 

with these viruses is unknown. 

Virus Specific RNAs In Infected ~ Cytoplasms 

In order to analyse viral mRNAs from infected cells 

it is necessary to separate them from replicating 

structures. This separation was achieved by centrifuging 

cell extracts on pre-formed 20-40% CsCl/TSE gradients. In 

these gradients, replicating structures form a visible 

nucleocapsid band at a density of 1.32. Viral mRNA and 

cellular RNAs are preferentially dissociated from their 
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1 2 
Figure 7: Intracellular Viral RNA Patterns In Neuroblastoma 
Cells. 

Intracellular RNA was labeled with 100uCi/ml 3 2 p 
orthophospate in the presence of 4ug/ml actinomycin D. Lane 
1: neuroblastoma C1300 cells detached from glass and 
harvested from the supernatant. Lane 2: neuroblastoma C1300 
cells still attached to glass. Labeling was for 2 hours, 
and cells were harvested at 12 hours pest infection. 
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proteins and pellet. Figure 8 shows a schematic of a 20-40% 

CsCl gradient end the accompanying composite autoradiogram 

shows the virus specific RNAs which separate in this 

system. Lane 1 (M) is 3H-labeled purified virus marker, 

lane 2 (NC) and lane 3 (NC) are different exposures of the 

RNAs taken from the nucleocapsid region. Six RNA species 

separate on this 1.5% agarose acid-urea gel. This gel 

separates on the basis of charge as well as size and as 

there appears to be two RNAs for each size class, it was 

presumed that they represent full lenth genome and 

anti genome. Lane 4 (p) is the actinomycin D resistant 

material found in the pellet. The autoradiogram is 

overexposed to show the presence of the subgenomic large 

RNA species. At least one prominent, subgenomic RNA is seen 

for each size class. 

In order to verify the identity of genome and 

antigenome in the nucleocapsid band, nucleocapsids were 

harvested, dialyzed to remove the CsCl, phenol extracted 

and ethanol precipitated. RNA was then denatured by the 

addition of 9 volumes of DNSO and incubated at 45°C for 30 

minutes. The solution was adjusted to a final concentration 

of 63% DMSO and the RNAs allowed to self anneal at 37 0 C for 

24 hours. Resultant duplex molecules were ethanol 

precipitated and electrophoresed on nondenaturing 

polyacrylamide gels according to Laemmli (1970). Figure 9 



Figure 8: Separation of Viral Replication and Transcription 

Schematic diagram of a preformed 20-40% CsCI gradient used 
to separate viral RNA species within intracellular 
extracts. As depicted in the drawing, nucleocapsids, that 
is, full length genome and antigenome, with their closely 
associated nucleocapsid protein band at a density of 1.32. 
Viral messenger RNA and cellular RNAs pellet. 
The accompanying composite autoradiogram shows the 
actinomycin D resistant RNA species present in the 
gradient. Lane 1, (M), is purified viral RNA marker Lanes 
2 and 3, (HC), are different exposures of the full length 
RNAs taken at a density of 1.32. Six RNA species, two 
complementary RNAs for each size class are visible. Lane d, 
(p), is material from the pellet. 'I'he subgenomic large 
species is barely visible, but RNAs which are just 
subgenomic to ~ and S are prominent. 



M 

20- 40% CsCI 

Nucleocapsids: 
Fuii-Lengt h 
+ & - Strands 

+ Pelleted RNA: 
18S, 28S, Cellular 
And Viral mRNA 

• 

• 

NC ·Nc I P 

36 

Figure 8: Separation of Viral Replication and Transcription 
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Figure 9: Identification of RNA Species in the 
Nucleocapsid Region of a 20-40% CsCl Gradient. 
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Autoradiogram of a 10% discontinuous polyacrylimide gel 
(Laemmli, 1970). RNA from the nucleocapsid region was 
denatured with 9 volumes of DMSO at 40°C for 20' and then 
allowed to self anneal by adjusting to 63% DNSO at 37°C for 
24 hours. The resulting duplexes were electrophoresed as 
described. Lane A is single strand RNA which enters the gel 
more slowly and less efficiently than the duplexes which 
are shown in lane B. Arrows denote the position of L, M, 
and s. 



is an autoradiogram of a 10% SDS-polyacrylimide gel which 

resolves three species of radioactively labeled RNA. An 

aliquot of this preparation was resuspended in water, 

heated to 65°C for five minutes, quick cooled and 

electrophoresed on an agarose acid urea gel as described. 

The result showed six RNA species, two of each size class 

(Figure 10 ) . 
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CsCJ gradient pelleted RNA was resuspended in TSE & 

0.5 % SDS buffer and centrifuged through a 10m] 15-30% 

s u c r o s e grad i en t in an S vl 4 1 ro to r. F r a c t i on s were co ll e c ted 

and aliquots visualized on acid urea agarose gels pH 3.5 as 

shown in Figure 11. These fractions were also ethanol 

precipitated and used to program ~ vitro translation 

systems. These results are discussed later in this section. 

If the subgenomic viral RNA species in the CsCl 

pellet are mR NAs, they should be of positive polarity. To 

test this, aliquots of purified unlabeled virus RNA were 

electrophoresed on agarose acid urea gels and transferred 

to n i t roc e l 1 u 1 o s e (South e rn , 1 9 7 5 ; 0 b i j e ski per s on a 1 

communication) and probed with 32 p labeled actinomycin D 

resistant RNA derived from CsCl pellets. Figure 12 shows an 

autoradiogram of the RNA species detected by this method. 

Again, at least 1 RNA species corresponding to each size 

class is evident. A reciprocal experiment, in which samples 

of total unlabeled pellet RNA was probed with 3 2 p labeled 

purified virus was done to determine if more than one RNA 



Figure 10: Separation of Self Annealed Nucleocapsid RNA 

Self annealed nucleocapsid RNA (see text) was 
melted at 65°C and electrophoresed on an 1.5% agarose acid 
urea gel pH 3.5. Under these denaturing conditions, the 
plus and minus genome length RNAs are again visible. 
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Fieure 11: Sucrose Gradient Analysis of RNA in CsC] 
Pellets. 

Acid urea agarose gel electrophoretic analysis of 
actinomycin D resistant RNA derived from CsCl pellets, 
which were subsequently centrifuged on a 10 ml 15-30% 
sucrose gradient in an SW41 rotor. Gradients were 
fractionated from the bottom and selected fractions ethanol 
precipitated. Lane 1 is marker nucleocapsid RNA, bands 
which do not correspond to L, M, and S size classes are 
contaminating mycoplasmas. Lane 2 corresponds to fraction 
6, Lane 3 corresponds to fraction 13, Lane 4 corresponds to 
fraction 18, Lane 5 corresponds to fraction 25. Pelleted 
RNAs were later used to prime in vitro translation systems. 
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Figure 11: Sucrose Gradient Analysis of RNA in CsCl 
Pellets. 
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Figure 12: Existance of Positive Polarity RNA in CsCl 
Pellets. 

Purified viral RNA was electrophoresed on 1.5% agarose 
gels, transferred to nitrocellulose and probed with 
actinomycin D resistant 32 p labeled CsCl pellet to show t h e 
presence of virus specific RNA of positive polarity. Lane 
1: 3 2 p labeled purified viral RNA marker, Lane 2: unlabeled 
virus following hybridization with 32 p CsCl pellet. 
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species per size class could be detected in the pellet. 

Figure 13 shows the result of this experiment. The 

autoradiograms were not always distinct due to variable 

background radioactivity but the preliminary conclusion was 

that only a single RNA species per size class could be 

detected. Later experiments led to the belief that multiple 

RNAs might be present, but underrepresented when compared 

to the predominant message species. Those experiments are 

discussed later. 

~ End Analysis 

It has been established for some time that the 

message species of Bunyaviruses possess a structure that is 

unusual for most eukaryotic messages. No viral RNA species, 

whether intra or extracellular, possess a poly-A tail of 

sufficient length to bind to an oligo(dT) cellulose column 

(Abraham and Pattnaik, 1983; Parker and Hewlett, 

unpublished observations). Information regarding the rest 

of the molecule is still obscure. It is unknown whether or 

not the 5' end is modified in any way. To look for the 

presence of a cap group which has been described for most 

eukarotic messages (Furuichi and Shatkin, 1975), total 

pelleted RNA which had been labeled with 500 uCi/ml of 32p 

orthophosphate for 4 hours in the presence of actinomycin D 

was resuspended in 50mM ammonium acetate pH 5.2 and 

digested overnight at 37°C with 50 units/ml RNase T2 and 20 
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Figure 13: Identification of Viral mR NA Species in CsCl 
Pellets. 
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Aliquots of unlabeled CsCl pellet RNA were electrophoresed 
on 1.5% agarose gels, transferred to nitrocellulose and 
probed with 3 2 p labeled purified viral RNA. Lanes 1 and 2 
contain identical amounts of pelleted RNA Lane 3 contains 
3 2 p labeled purified viral RNA which was co-electrophoresed 
as a control and exposed beth before and after 
hybridization. This figure shows lane 3 after 
hybridization. The S genome band in lane 3 is missing, 
presumably lost during the stringent washes followin g 
hybridization. 
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units/ml Rnase A and T1. The mixture was spotted on DEAE 

cellulose paper and ionophoresed 6 hours at 3500 volts. 

Figure 14 is an autoradiogram of one such paper. Lane 1 is 

a control lane where 3 2 p labeled purified Inkoo virion RNA 

was digested under identical conditions and yields a single 

spot near the origin corresponding to pppAp, which is in 

agreement with the reported 5' terminus (Parker and 

Hewlett, 1981). Lane 2 is the result of digesticn of total 

pellet. A number of spots appear close to the origin 

indicating a possible heterogeneous modification of the 5' 

end. It has been noted that even in the presence of 4ug/ml 

of actinomycin D, when high specific activity labeling is 

required there may be scme "leakage", that is a small 

amount of incorporation of radioisotope into cellular RNAs. 

To minimize the possibility of cellular contaminating poly 

(A)~ sequences, pellets were resuspended in binding buffer 

(0.5M NaCl) and passed ever an cligo(dT) cellulose column 

(Edmonds et al., 1971; Aviv and Leder, 1972). The flow 

through fraction was collected, ethanol precipitated and 

digested as described. Resulting RNA was spotted en DEAE 

cellulose paper and ionophoresed in an identical fashion to 

non oligo(dT) separated material. Figure 15 is an 

autoradiogram of this experiment and gives a result 

similiar to that already shown. From this data a 

preliminary conclusion was drawn that the 5' end of 
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Figure 1A: 5' End Analysis of Viral mRNA Species In Cs Cl 
Pellets. 
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Total 3 2 p labeled pellet RNA from CsCl gradients was 
digested overnight with 50U/ml RNase T2 and 20U/ml RNases 
T1 and A. Aliquots were applied to DEAE cellulose paper and 
ionophoresed for 4 hours at 3500 volts. Lane 1: 3 2 p labeled 
purified marker. Note the single spot near the ori g in 
corresponding to pppAp. Lane 2: total pellet RNA, note 
heterogeneous smear near origin indicating a modified 5' 
end. In this photo, the paper was cut in half and the up per 
end (frame B) laid next to the lower (frame A) to allow fer 
visualization of the total paper. 
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Figure 15: 5' End Analysis of Viral mRNA Species Isolated 
on Oligo(dT) Columns. 

32 p labeled pellet was passed over an oligo(dT) cellulose 
column and the flow through fraction collected and ethanol 
precipated. Digestions were as indicated, electrophoresis 
time increased to 6 hours. Lane 1: purified viral RNA Lane 
2: oligo(dT) cellulose flow through fraction. 



Bunyavirus messages are not of the same structure as the 

virion, that is pppAp. Due to the small amount of message 

made within infected cells and the subsequently low 

specific activity achieved when labeling in vivo further 

experiments to elucidate the exact struc~ural modification 

of the 5' end were not considered feasible. It has since 

been shown (Patterson et a1., 1984) that the 5' end does 

indeed possess a cap which has most likely been scavenged 

from intracellular messages in a manner analogous to that 

for influenza (Bouloy et a1., 1979; Krug et al., 1979). 

Recorebinant DNA Cloning of Inkoo Virus Geno~~ RNA 
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One method of purifying nucleic acids frore 

intracellular extracts or other heterogeneous reixtures is 

to make a cDNA copy which can be used as a probe to "fish

out" desired sequences. There are several recombinant DNA 

cloning methodologies currently in use. Because mRNA is so 

difficult to isolate in the bunyavirus system, first strand 

synthesis must be done on genomic RNAs. In order to 

maximize the size of cDNA synthesized, a scheme utlilizing 

full length genome and antigenome RNA (Both et al'., 1982; 

Shatkin et a1., 1983; Obijeski, personal comunication) and 

eliminating the use of S1 nuclease was used. Figure 16 

outlines the methodology of this procedure. Nucleocapsid 

RNA is harvested, resuspended in a first strand reaction 

mixture, allowed to anneal to synthesized oligonucleotide 



VIRUS NUCLEOCAPSID RNA 

5' ________ -...,R._N._A _______ 
3

' 

3' +RNA 5' 

1 
Reverse Transcriptase + dNTP's 
Primer <D 5'-AGTAGTGTACr-3' 
Primer ® 5'-AGTAGTGTGCT-3' 

eDNA SVNnESIS 

5' -RNA 3' 

'1f)5' • 
3' +RNA + +cONA 

---------------------------------5' 5'(f) -eDNA • 

1 
Alkali to 
Remove RNA 

, Hybridization 

~------------------~~5' 5'~~--------------------~·~ GD 
® 1 Klenow Pol J +dNTP's 

3'_------ ......... --------------------.... A fi)A 5' ".vvv· , 
5~ • -------3 

-C' - TAILING 1 Terminal. Transferase 
+dCTP GD 

CCCCC------- • ~5' 
5'¥JV\J • -------CCCCC 

® l Anneal to -G- - Tailed pBR322 

l Transform 

! Select ApS/Tc" 

Figure 16: Methodology Used to Produce Inkoo Recombinant 
DNA Clones. 
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primers complementary to the 3' ends of both genome and 

antigenome, and then treated with reverse transcriptase for 

3 hours at 37 0 C. Alternatively, nucleocapsid RNA can be 

poly adenylated using dATP and terminal deoxynuclectidyl 

tranferase and then cDNA synthesized by priming with oligo 

(dT). Figure 17 ia an autoradiogram of nucleocapsid RNA 

which has been polyadenylated and selected on oligo(dT) 

cellulose in this fashion. 

The two templates are reverse transcribed, treated 

with base to remove RNA and then allowed to anneal. 

Incomplete cDNA synthesis can be completed with the Klencw 

fragment of ~ coli polymerase B. The resultant double 

strand cDNA can be size selected en polyacrylimide gels, 

such as that shown in Figure 18. This eDNA was 

electroeluted from the gel and then C-tailed with terminal 

transferase at 37 0 for 10 minutes. The newly tailed insert 

is then resuspended along with equimolar amounts of G

tailed pBR322 (NEN)in a TNE buffer and allowed to anneal 

for 2 hours at 37 0 C. The plasmid DNA was then used to 

transform ~ Coli mm294 and bacteria were plated out on 

Luria-Bertani (LB) plates supplemented w:i.th 10ug/ml of 

tetracycline (Bolivar et aI., 1977). The following day, 

tetracycline resistant colonies were picked and plated onto 

LB plates supplemented with 40ug/ml of ampicillin. 

Tetracycline resistant ampicillin sens:i.tive colonies were 

screened for the presence of sizable inserts by preparing 
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a b 
Figure 17: Poly-Adenylated Nucleocapsid RNA 

Acid urea agarose gel electrophoresis of nucleocapsid RNA 
which was treated with terminal transferase and dATP at 
37°C for 10 minutes. Poly-A RNA was selected on oligo(dT) 
in high salt and eluted in low salt. Lane A is non 
polyadenylated nucleocapsid RNA Lane B is oligo(dT ) 
selected nucleocapsid RNA. 
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Figure 18: Double Strand eDNA From Inkoo Genome RNA 

5% polyacrylamide TEE gel stained with ethidium bromide 
showing double strand eDNA made from Inkoo virus. Marker 
lines indicate positions of linear pBR322 (approximately 
4300 nucleotide pairs) and an 1100 nucleotide pair 
fragment. 
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small amounts of plasmid DNA (mini-screens) (Dr. J. Rose 

personal communication) and uncut supercoiled DNA 

electrophoresed on 1% agarose gels in the presence of 

ethidium bromide with known insert containing marker 
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plasmid. Plasmids showing inserts of 1000 base pairs or 

greater were selected and set aside. Plasmid DNA prepared 

as described was then applied to nitrocellulose in a 0.25M 

NH 4 0Ac buffer and baked 2 hours at 80°C. These dot-blots 

were then probed with 3 2 p labeled purified viral RNA or 

with 3 2 p labeled virus specific eDNA made from purified 

virus, random calf thymus primers, 3 cold dNTP's and alpha 

3 2 p (dATP), and reverse transcriptase. Figure 19 is one 

such dot-blot of this kind. Figure 20 is a photograph of a 

4% acrylamide gel containing pBR322 which has been digested 

with Hinf I to act as a size marker, and PST 1 digestions 

of several Inkoo clones. This type of experiment was done 

in order to approximate the size of the virus specific cDHA 

inserts. After clones were identified as virus specific, 

segment specificity was ascertained by electrophoresing 

purified viral RNA onto agarose gels and transferring to 

nitrocellulose, followed by probing with indiviual clones 

made radioactive by nick translation. Figure 21 is an 

autoradiogram of an experiment to determine segment 

specificity of the plasmid piNK350, which contains 

approximately 2500 nucleotides of the M segment. 
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Figure 19: Dot Blot Analysis of Presumptive Inkoo Clones. 

Plasmid DNA was spotted on nitrocellulose, baked in vacuo, 
and hybridized to 3 2 p labeled purified Inkoo vira-l-RNA. 
Spot A corresponds to clone piNK220, spot B=piNK210, spot 
C=piNK140, spot D=piNK350, spot E=polio clone .. pVR 104 (a 
gift from Dr. David Baltimore), spot F=pBR322. 
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Figure 20: Approximation of eDNA Insert Size 

Plasmid DNA was incubated with the restriction enzyme PST 
and electrophoresed on 4% acrylamide gels. Lane 1 is 
plasmid piNK210 Lane 2 piNK130 Lane 3 piNK250 Lane 4 
piNK430 Lane 5 piNK220 Lane 7 is a marker lane containing 
pBR322 which has been incubated with Hinf 1 restriction 
enzyme. 
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Figure 21: Genome Segment Identification of lnkoo Virus 
Specific Clones. 
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Purified Inkoo viral RNA was electrophoresed on 1.5 % 
agarose gels, transferred to nitrocellulose and probed with 
individual nick translated clones. Lane A is RNA probed 
with pBR322, Lane B is RNA probed with the Inkoo plasmi d 
p I N K 3 5 0 • T h e a r r o w s s h o w t h e 1 o c a t i o n o f t h e L , ~1 , an d S 
segments of the virus. 



Using the methods described, a set of pertinent 

clones was isolated and identified. Table 2 lists the 

clones which are being kept for further study, their 

approximate insert size and segment assignment. 
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Hybrid Selection of Inkoo ~RNA 

Plasmid DNA from clones which had been identified 

\Olas used in a hybrid selection scheme to purify viral mRNA 

a way f r om cell u 1 a r RNA sin t he C s C 1 p e 1.1 e t s. The met hod i s 

one of Ricciardi's (1979), modified by Obijeski, and is 

described in Materials and Methods. RNA which binds to 

immobilized viral cDNA must be complementary and therefore 

is likely to be viral specific. CsCl pellets which are 

labeled in the presence of actinomycin D then possess viral 

sequences which are radioactive and can be eluted from 

immobilized plasmid DNA and visualized on a gel. Figure 22 

is a composite autoradiogram showing RNA which has been 

labeled with 3H-uridine, hybridized to cDNA, eluted, and 

electrophoresed on 1.5% acid urea agarose gels. Frame B has 

been overexposed to show the presence of the subgenomic 

large RNA segment. Lane 1 serves as a marker, containing 

RNA from the nucleocapsid region of the gradient. Lane 2 is 

RNA taken directly from the CsCl pellet. The lane has been 

overexposed to show the presence of the subgenomic L 

species. There is a large amount of heterogeneous labeled 

material between the M and S region. This has been presumed 



Table 2: Size and Segment Assignments of Inkoo Specific 
Clones 

CL011F: INSERT SIZE S F: G t·; E WI' ----
pINY.140 1000 N 

pINK350 2500 r·1 

pINK130 7000 L 

pINK220 2000 ~1 

pINK210 1700 1·: 

pINK 4 30 2000 L 

pINK360 1000 1" 

57 



58 

1 2 3 4 5 

1 2 . 3 4 5 

Figure 22: Hybrid Selected RNA From CsCl Pellets. 



F:igure 22: Hybrid Selected RNA From CsCl Pellets. 

Composite autoradiogram of hybrid selected messenger RNAs 
elec trophoresed on 1.5% agarose acid urea gel s. Lane 1: 
marker nucleocapsid RNA, Lane 2: total pellet RNA 
overexposed in frame B to show the large segment, Lane 3: 
RNA which hybridized to the LaCrosse ~C-26 clone, Lane ~: 
uninfected cell extract pellet hybridized to LaCrosse ~C-2o 

clone, Lane 5: RNA which hybridized to pINK350, a plasmid 
containing 2500 nucleotides corresponding to the M segment. 
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to be RNA of cellular origin which had been labeled as a 

result of leakage of the actinomycin treatment. While this 

is most likely true for the majority of this material, 

later evidence argues that a small percentage may be more 

than randomly labeled material. Lane 3 shews the RNA 

species obtained from hybridizing pelleted RNA with 

LaCrosse S eDNA. LaCrosse S cDNA was used in this 

experiment since no S segment clones of Inkoo were 

generated. The two viruses possess sufficient sequence 

homology in the S gene to permit their cross hybridization. 

There are three distinct bands, all smaller than the S 

genome segment, which hybridize to the LaCrosse clone. Lane 

4 shows RNA derived from uninfected cells which has been 

labeled in the same manner as infected cells, and 

subsequently hybrid selected with the LaCrosse clone. Lane 

5 is an example of the RNA selected from the pellet using 

one of the clones which represents the N segment, in this 

case pINK350. A prominent band represents M mRNA. In 

addition, it can be seen that a heterogeneous variety of 

labeled material which is smaller than the M gene binds to 

the nitrocellulose filters. The reasons for believing this 

to be of non-viral origin are as follows: 1) the bands are 

indistinct and do not possess a regular, repeatable 

pattern. 2) They are a great deal less intense than the 

prominent message band and are very much diminished on 

shorter exposures, and 3) they are not present in the 



hybridization studies where pelleted material was probed 

with 32p labeled purified virus. It does remain an anomaly 

to some extent however, as pellet RNA from actinomycin D 

treated, labeled uninfected cells hybridized with pINK350 

does not give rise to the heterogeneous materials visible 

in this autoradiogram (Figure 23). It has been documented 

by several groups (Ulmanen et a1., 1981; Bishop et a1., 

1982; Cabridilla et a1., 1983; Fuller and Bishop, 1982,; 

Gentsch and Bishop, 1979) that at least two of the three 

genome segments, M and S, cede for mere than one protein. 

The results in Figure 22 lane 3 suggest that this is 

accomplished at the level of transcription, that is, more 

than one message is transcribed for the S genome segment. 

If this is the case, then all three RNA segments seen in 

Figure 22 lane 3 should be of positive polarity. To 

ascertain if this was the case, hybrid selected RNAs were 

electrophoresed on agarose gels, transferred to 

nitrocellulose and probed with32p labeled purified virus 

(negative strand RNA). The results are shown in Figure 24. 

Clearly, only one of the 3 bands hybridized to purified 

virus and is therefore of positive polarity. This band 

corresponds to the prominent, largest subgenomic RNA Been 

in pelleted or hybrid selected material. The identity of 

the other two bands, and why they are only found in 

infected cells is still unknown. 
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Figure 24: Detection of Positive Polarity RNA in Hybrid 
Selected Material. 
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Unlabeled RNA from CsCl pellets was hybridized to LaCrosse 
S clone 4C-26 which had been bound to nitrocellulose. 
Complementary RNA was eluted, electrophoresed on 1.5% 
agarose acid urea gels, transferred to Genescreen, and 
probed with 32 p labeled purified virus. Only one band is 
complementary to the virus, therefore of positive polarity. 
Arrows indicate positions of 18 and 28S ribosomal species. 
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In Vitro Translations 

It has been reported (Lindsey, 1983) that RNA from 

LaCrosse infected cells which has been hybrid selected 

using the LaCrosse S clone gives rise to two proteins. 

These proteins are the same ones described for LaCrosse 

infected cells (Fuller and Bishop, 1982; Lindsey, 1983) 

that is the 25,000 MW nucleocapsid protein and the 10,000 

MW non-structural protein (p10). In order to identify the 

RNA species hybrid selected from Inkoo infected cells, in 

vitro translations were done using total selected RNA or 

selected RNA which had been separated on agarose gels, 

stained with ethidiurn bromide and eluted. This latter 

method permits visualization of the prominent subgenomic 

RNA (Figure 25), but does not allow for visualization of 

the two smaller bands seen in autoradiograms. Because these 

bands do not appear with stain, a series of gel slices 

(approximately 2rere wide) were taken below the prominent, 

stained band and the nucleic acids presumably present were 

eluted also. These RNAs were first used to prograrc a rabbit 

reticulocyte translation system. Figure 26 lane B shows the 

product made in this system using the predominant ethidium 

bromide staining band as the exogenous RNA and labeling 

with 35s methionine. This protein is approximately 25,000 

HW, comigrates with intracellular nucleocapsid protein as 

expected and is immunoprecipitable with antibody made 



Figure 25: Ethidium Bromide Stained Agarose Acid Urea Gel, 
Containing Hybrid Selected RNA. 
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Lane 1 contains pelleted RNA which binds to LaCrosse S 
clone 4C-26. The prominent bands are 18 and 28 S ribosomal 
RNAs which bind to contaminating 16 and 23 S species 
present in the plasmid preparation. Lane 2 is 18 and 28 S 
marker RNA Lane 3 is material which bands at a densit y cf 
1.32 in CsCl. White arrow points toward contaminating 
subgenomic S mRNA, seen in this prep due to an insufficient 
salt concentration in the original CsCl gradient. 



Figure 26: 10% PAGE of Proteins Derived From Rabbit 
Reticulocyte ~ Vitro Translation Systems. 
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La n e A : ~ v i t r o t r a n s 1 a t i o n s y s t e m , no e x o g e n o u s R !J A 
added, Lane B: prominent subgenornic S message translated 
for 60' at 33°C, Lane C: representative lane of one of the 
serial gel slices taken below prominent mRNA .band. Arrow 
indicates position of approximately 25,000MW protein. Note 
heavy front in lower molecular weight area. 
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against whole virus and derived from mouse ascites fluid. 

Using the rabbit reticulocyte system, however, posed some 

problems in the visualization of p10. The gels used in the 

study whether 10% or 15% discontinuous SDS-PAGE do not 

resolve well in the 10,000 MW area and, in addition, the 

hemoglobin in the translation system runs as a front in 

this vicinity tending to obscure matters further. It was 

inconclusive then, when all serial gel slices and total 

hybrid selected RNA failed to yield any clearly defined 

10,000 MW protein. For this reason, these RNAs were used to 

prime a wheat germ system, which is reported to be more 

efficient in translating smaller messages and would 

hopefully allow for better resolution in the lower 

molecular weight area of the gel. When this is done (Figure 

27) the results are similiar to that obtained in the rabbit 

reticulocyte system, that is total RNA, and the prominent 

ethidium bromide staining band both yield only the 

immunoprecipitable 25,000 MW protein. The RNA derived from 

serial sectioning of the agarose gels failed to prime the 

wheat germ system whatsoever. Since the presence of the 

nonstructural protein coded for by the S genome is well 

documented, it is believed that the most likely reason for 

the protein not being visualized in these systems seems to 

be due to an insufficient amount of methionines present in 

its primary amino acid sequence to permit labeling to a 

high enough specific activity to allow visualization on 
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Figure 27: 15% PAGE of Proteins Derived Frcrn Wheat Germ In 
Vitro Translation Systems. 

Lane 1: molecular weight markers, Lane 2: immunoprecipitation of 
intracellular extract, Lane 3: proteins synthesized when system 
is primed with RNA from fraction 27 of sucrose gradeient 
containing CsCl pelleted RNA, Lane 4: wheat germ system pr:i med 
with RNA from fraction 25 cf same sucrose gradient, Lane 5: 
exogenous RNA added was hybrid selected to LaCrosse S 4C-26 
clone, Lane 6: total infected cell extract, Lane 7: wheat germ 
system, no exogenous RNA added. 
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autoradiograms. 

Several attempts were made to translate the M mRNA 

in vitro. The middle segment codes for at least one 

nonstructural protein and the two viral glycoproteins. As 

these are responsible in large part for the immunogenicity 

of the virus, they are of great interest. Hybrid selected M 

message was placed in rabbit. reticulocyte, wheat germ, or 

HeLa cell extracts without success. Duplicate reactions 

which attempted to optimize for potassium, magnesium, RNA, 

and spermidine concentrations were done and all failed to 

.yield any sort of virus specific protein. Other 

investigators, (Dalrymple et aL, Elliott and Pringle, 

Abraham and Pattnaik, Obijeski et a1., personal 

communication), have tried to translate the M segment from 

a variety of members of the Bunyaviridae family and have 

met with similiar results. The reason for this difficulty 

is unknown at present. 



DISCUSSION 

The Bunyaviruses comprise the largest known 

taxonomic group of arboviruses. The majority of 

Bunyaviruses from the five genera have been isolated from 

either animals or their arthropod vectors. Three genera, 

however, possess viruses which are 0f serious consequence 

to man. Only one genus of these three has notable impact in 

the United States, but in that genus are viruses causing 

fever, muscle aches, and encephalitis ard fatalities, 

particu~arly in children (LaCrosse) and in the elderly 

(Jamestown Canyon) (Deibel et al., 1983). The Bunyaviruses 

are single strand RNA viruses of negative polarity. Other 

notable negative-strand RNA virus families whicn can be 

described as such include the orthomyxoviruses (Influenza) 

the paramyxoviruses (New Castle Disease Virus, measles) and 

the rhabdoviruses (vescicular stomatitis virus and rabies). 

The diseases resulting from these viruses have substantial 

socio-economic importance. It is of interest therefore to 

attempt to control the outbreaks and spreads of epidemics 

in livestock and humans which are a direct result of 

infection with single strand RNA viruses. In order to 

accomplish this goal, one must understand the replicative 

cycle of the viruses, and the intracellular events leading 
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to cell death or persistent infection of the organism. The 

studies described in this dissertation examine the 

replication and transcription of a member of the California 

serogroup of Bunyaviruses, a taxonomic group found across 

the north American continent. It is hoped that ultimately, 

studies such as this one will contribute to the 

understanding of the etiology of viral infections, the 

response of the infected organism to the invading virus and 

the production of safe vaccines for livestock and man. 

Analysis of Intracellular RNAs 

Bunyavirus RNA was originally identified as 

negative strand because of the presence of a virion 

associated RNA transcriptse and because the RNA itself is 

non-infectious (Bouloy and Hannoun, 1976). Sucrose gradient 

analysis of infected intracellular extracts showed that 

complementary RNAs present in all three size classes L, M, 

and S, and that RNA from the M and S peaks could be 

translated in a cell-free system (Ulmanen et a1., 1981). 

Later studies allowing self-annealing of intracellular 

extracts and electrophoresis before and after treatment 

with S1 nuclease showed (Abraham and Pattnaik, 1983) the 

existance of a full length positive strand copy and one 

subgenomic positive polarity copy per genome segment. 

Analysing complementary RNA species directly was 

unavailable for some time since the messenger RNA species 
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of all known Bunyaviruses do not adhere to an oligo(dT) 

cellulose column (Abraham and Pattnaik, 1983; Hewlett et 

al., unpublished observation), To circumvent this problem 

and separate positive antigenome RNA from mRNA isopycnic 

centrifugation of infected cell extracts through preformed 

20-40% CsCl gradients was performed. Investigators have 

employed this method with a variety of viruses to isolate 

nucleocapsid structures (Leppert et a1., 1979; Kolakofsky 

et a1., 1976; Condra and Lazzarini, 1980; Spotswood et a1., 

1980). Lindsey (1983) documented the separation of LaCrosse 

genome and antigenome from viral messages in these 

gradients and the results presented here confirm these 

findings wi th Inkoo vi rus, wi th one exception. f.:any acid 

urea gels of RNA species recovered from CsCl gradients, or 

from CsCl pellet centrifuged through 15-30% sucrose 

gradients showed the presence of three RNA species smaller 

than the S genome segment which labeled in the presence of 

actinomycin D. Two of these bands were fainter than the 

largest of the group (referred to as the principal 

Bubgenomic messenger species). Northern transfers and 

hybridizations using 32p labeled purified viral RNA as 

probes gave ambiguous reuslts regarding these two 

unexpected RNAs, so it was determined that a method of 

"fishing" viral mRNA species out of CsCl gradient pelleted 

RNA was necessary. The method chosen was hybrid selection 



of complementary RNA (Ricciardi et a1., 1979; Woolford et 

a1., 1979) and this in turn required cloning of the viral 

genome segments. 

Recombinant ~ Cloning £! Inkoo Virus Genome RNA 

A novel method of synthesizing DNA was employed 

which utilizes double strand RNA replicative structures. 

These RNAs are isolated as nucleocapsid structures in the 

20-40~ CsCl gradients described above, are deproteinized 

and denatured before serving simultaneously as templates 

for first strand cDNA synthesis with reverse transcriptase 

(Maniatis et a1., 1982). The two cDNA strands thus 

synthesized are complementary and are allowed to anneal 

with any incomplete strands being filled in in a second 

strand synthesis reaction utilizing the Klenow fragment of 

~ £21i DNA polymerase B. The resultant double strand cDNA 

is C-tailed, annealed to G-tailed pBR322 and used to 

transform ~ .£2ll 0:0:294 by standard procedures. Viral 

specific insert containing plasm ids were identified and 

classified according to the genome segment represented by 

the insert. Using this procedure, ug quantities of double 

strand cDNA representative of each of the three size 

classes of Inkoo RNA were synthesized. Clones which 

represented M and L were obtained but clones which 

represent the S genome segment were not. The~e latter 

members were not pursued in this study since a number of 
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investigators already possessed clones of the entire S 

genome segment of LaCrosse, Snowshoe Hare and Bunyamwera 

viruses, but no one had yet documented the existance of 

cDNA species corresponding to the other genome segments. 

Interestingly, when virus specific insert containing 
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pIa sm ids wer e char ac teri zed (see Table 2), it was fo und 

that the most common insert size was approximately 2500 

base pairs. Although the reason for the decreased size of 

the insert over the original cDNA is unknown, it has been 

suggested that the CoC1 2 present in the terminal 

transferase "tailing" reaction may introduce nicks into the 

eDNA (R.M. Elliot, personal communication) or that DNA 

damage may occur during electroelution. In addition, it is 

a general rule that it is easier to clone smaller insert 

fragments than larger ones owing to the decreased burden on 

the transformed bacteria. These smaller eDNA pieces, 

however generated, might have been preferentially taken up 

and replicated by the ~ coli strain used in the 

transformation reaction. Therefore, clones representing 

approximately 2500 nucleotides of M, and a LaCrosse S clone 

4C-26, obtained from John Obijeski and C. Cabridilla were 

used in the hybrid selection studies. 

Hybrid Selection 

A modification of the procedure of Ricciardi et ale 

(1979) was used where plasmid containing viral cDNA inserts 
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are bound to nitrocellulose and total RNA derived from CsCl 

gradient pellets was hybridized to those filters in 65% 

formamide at 42 0 C for 20 hours. Bound RNA was eluted and 

visualized on agarose gels. Using the plasmid pINK350 

corresponding to approximately 2500 nucleotides of the M 

genome segment, one prominent, slightly subgenomic band was 

visible in addition to less intense bands which are present 

with increased exposure time but not present in the 

uninfected control. If hybrid selected material from the M 

region is transferred to nitrocellulose and probed with 32p 

labeled purified virus only the prominent subgenomic band 

is virus specific. 

Using the LaCrosse plasmid 4C-26 to select messages 

corresponding to the S genome segment of Inkoo, three 

distinct bands, one about twice as intense than the other 

two was visible. It was found that these two additional 

bands could also be seen in autoradiograms where CsCl 

pelleted material had been centrifuged on a 15-30% sucrose 

gradient and the fractions visualized on agarose gels. 

Although the two additional bands could be visualized as 

such they were very faint unless concentrated by the hybrid 

selection procedure, whereupon their intensity increased 

substantially. This result was particularly interesting as 

two separate investigators began publishing indirect 

evidence for the existance of multiple messages in the S 



75 

genome segment of LaCrosse. Patterson et a1. (1983) using 

3' end labeled genome segments as probes discovered the 

existance of short leader sequences, that is nucleotide 

sequences of approximately 90 nuc]eotides which are 

complementary to the exact 3' end of the genome. It is 

postulated that these leader sequences might function as do 

the leader sequences in the VSV and Sendai systems (Leppert 

et a1., 1979; Colonno and Bannerjee, 1976). The model for 

these viruses is that recognition sites for nucleocapsid 

assembly is located within this leader region. In early 

stages,.)ust after infection there is little or no viral 

nucleocapsid protein pools intracellularly since the viral 

mRNAs for this protein have yet to be made. In the absence 

of nucleocapsid protein, the virion transcriptase 

encounters a "strong stop", that is, a region on the RNA 

template which may be a sequence signal (primary structure) 

or a physical signal (arising from a secondary structure) 

which causes the polymerase molecule to falloff. It 

reinitiates downstream and the resultant subgenomic 

transcripts become messenger RNAs. Later in infection, when 

intracellular pools of viral protein have accumulated, the 

nucleocapsid protein associates with complementary RNA at 

the recognition eite in the leader in such a fashion that 

the "strong-stop" is relaxed and production of full length 

antigenome template begins. 

In addition to the leader sequences, the same two 
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investigators have found that if one takes cDNA 

corresponding to the 135-150th nucleotides of the minus 

strand of virus genome, anneals this to the CsCl gradient 

pellet, extends the cDNA primer with reverse transcriptase 

and sizes the resultant duplex, one finds two distinct 

bands corresponding to two separate 5' ends of viral RNA in 

the CsCl pellet (Cabridi1la et a1., 1983; Patterson et a1., 

1983). In light of these reports and the presence of three 

distinct bands following hybrid selection, it was 

considered strong evidence in favor of multiple messages at 

least from the S genome segment. 

If the two additional bands are indeed subgenomic 

message species, they should be of positive polarity and in 

fact they are not. In hybridization studies where hybrid 

selected S message is transferred to nitrocellulose and 

probed with 32p labeled S virion RNA only one band is 

illuminated. It should be added that recently (Bishop, 

D.H.L.; Dalrymple, J., personal communication) it has been 

claimed that the negative strand of the Phlebovirus S 

segment (a separate genus of the family Bunyaviridae) is 

capable of being translated in cell-free systems. To test 

whether or not the additional subgenomic bands which hyb?id 

select with the LaCrosse clones are "messages" of negative 

polarity, the RNAs were eluted from acid urea gels and used 

to program in vitro wheat germ translation systems. These 
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positive polarity is successfully translated. 
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When a plasmid such as plNK350 is used to hybrid 

select messenger RNA species which correspond to the mid 

size genome segment, one subgenomic RNA is found. Previous 

studies had shown that M RNA from Uukuniemi virus infected 

cells was capable of being translated in a rabbit 

reti culocyte system (Ul manen et a1., 1981). The resul tant 

protein was immunoprecipitable and had a molecular weight 

of 110,000 (p110). When this same RNA was placed in a 

rabbit reticulocyte system in the presence of dog pancreas 

microsomes, p110 disappeared and an immunoprecipitable 

polypeptide of 70,000 MW was present. From this it was 

postulated that a polyprotein precursor is made and cleaved 

post-translationally to yield the final glycoprotein 

products which are found·on the surface of the virion. 

These results cannot be duplicated using M RNA from members 

of the Bunyavirus genus. Large or mid sized mRNA whether 

derived from infected cell extracts which have been 

centrifuged on sucrose gradients or hybrid selected with 

specific clones do not translate in vitro. Messenger RNA 

from these two genome segments have been placed in rabbit 

reticulocyte, wheat germ and HeLa cell-free translation 

systems in a variety of labs without success. Even the 

addition of membranes in the form of dog pancreas 

microsomes, or of spermidine to increase the efficiency of 
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ribosome binding and help eliminate secondary structure in 

the transcript have not yielded any result. The reaBon for 

this difficulty is unknown. It is unlikely that it is a 

matter of the size of the transcripts, as larger RNAs 

(Villa-Komaroff, 1975, Collins et a1., 1981) are easily 

translated in the aforementioned systems. Further studies 

on the exact structure of these messages and on the role of 

host initiation factors involved in bunyavirus translatibn 

may solve this problem. 

On the basis of the hybrid selection studies, it may 

be concluded that for at least M and S genes of Inkoo 

virus, and possibly all of the Bunyavirus genus, there is 

only one message transcribed per genome segment. It is most 

likely then that the leader sequences are the result of 

abortive attempts at replication when the nucleocapsid pool 

is low (Leppert et a1., 1979). 

The mechanism by which these viruses utilize these 

unusual messages in vivo is not known. In the case of the M 

segment, the genome is of sufficient size to code for the 

two glycoproteins in tandem. As the M segment has yet to be 

sequenced, it is not known if that is the actual 

arrangement. It has been demonstrated though, (Fuller and 

Bishop, 1982), that the M segment of LaCrosse and Snowshoe 

Hare viruses code for at least one nonstructural protein of 

a molecular weight of 17,000 as well. The genome is not of 
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sufficient size to accomodate all three protein genes in 

tandem. In the case of the S RNA, the genome length is 

approximately 1000 nucleotides, not enough to code for a 

nucleocapsid protein of 25,000MW and a nonstructural 

protein of 10,000MW in tandem. Sequence studies have shown 

that two open reading frames (ORF'S) exist on the S genome, 

the first commencing at nucleotide 82 and continuing to 

position 787. This reading frame is capable of coding for a 

protein of 26,53A MW. The second ORF begins at position 

101, ends at 377, and codes for a protein of 10A58 MW 

(Bishop et a1.,1982; Cabridilla et a1., 1983). This is very 

strong evidence that the two proteins arise independently 

from the S mRNA transcript. Supporting this is the fact 

that no large precursors or unusual polypeptides are ever 

seen in in vitro translation reactions with S message. 

Kozak's rules (1977) for initiation of protein 

synthesis say that the most 5' proximal AUG codon is 

preferred and that the sequence 5'RNNAUGG is a preferred 

sequence (Kozak, 1983). In the case of the LaCrosse S 

segment which has been fully sequenced, neither of the two 

AUG's are present in the preferred configuration, lending 

support to the hypothesis that either may then be used to 

initiate protein synthesis. It should be noted however, 

that intracellular levels of nucleocapsid protein and the 

nonstructural protein (p10) are not present in equimolar 

amounts. This argues then that although both AUG's act as 
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initiator codons the first is the more preferred, which is 

in agreement with Kozak's published studies. Figure 28 is a 

diagrammatic representation of what may be occuring during 

transcription and translation of the S mRNA of 

bunyaviruses. Other examples of eukaryotic polycistronic 

mRNAs include the adenovirus E1B mRNA whjch expresses two 

different proteins from overlapping reading frames, .(Bos et 

a1., 1981), the herpes virus TK gene which expresses two or 

three proteins in the same reading frame but with differing 

N termini presumably because ribosomes initiate at 

different AUG's on the transcript (Preston et a1., 1981) 

and the Sendai P and C proteins which also come from 

overlapping reading frames on a single mRNA (Giorgi et a1., 

1 984 ) • 

The results presented in this study jndicate the 

existance of nine viral RNA species present in infected 

cells. Six of these are full length genomic species of plus 

and minus polarity and three are subgenomic and of positive 

polarity. In at least two of the three putative subgenomic 

mRNAs, more than one protein is coded for. Sequence 

information for the smallest of the three indicates the use 

of overlapping reading frames to code for these proteins. 

Further studies on th exact structure of the bunyavirus 

messenger RNAs, hybrid arrest translation studies, and in 

vitro of the larger messages will be required before the 
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exact mechanism of transcription and translation of these 

important viruses is understood. Ultimately, it may be 

possible to learn how these viruses manipulate cellular 

machinery, what proteins are important for specific cell 

tropisms and perhaps allow fer the manufacture of virus 

free vaccines. 
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