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ABSTRACT

A characteristic of viruses in the family Bunvaviridae is that
the viral genome consists of three RNA segments of single
stranded RNA, designated large (L), middle (M) and small (S).
The Bunvaviridae family is sub-divided into five genera, but in
all members of the family the S RNA segment encodes the RNA-
binding nucleocapsid (N) protein. This study is restricted to
viruses in the Bunvavirus genus and concerns the expression
strategy of S segment encoded proteins and the nature of the
interaction of N protein with viral RNA.

For viruses of the Bunvavirus genus the S segment also encodes a
non-structural protein, termed NSs, in an overlapping reading
frame downstream of the start of the N open reading frame (ORF).
The NSs ORF initiates from a tandem AUG in most bunyaviruses,
such as Bunyamwera the prototype virus. The Maguari (MAG) virus
belongs to the same serogroup as Bunyamwera virus (BUN), with
which it shares high S segment homology, but the MAG S segment
in addition to encoding N and NSs proteins, possess a third ORF,
potentially encoding a protein of My 9.3K, downstream of the N
and NSs ORFs. The MAG S segment is 945 bases in length and most
of the MAG S segment (bases 22-937) was available on a single
cDNA clone, pMAG60. In order to investigate the expression
strategy of the MAG S segment fragments of the cDNA, containing
either the complete S segment coding region or parts of it, were
subcloned downstream of a T7 RNA polymerase promoter sequence in
the vector pTZ18U. A series of recombinant pTZ plasmids were
used as templates to generate message-sense RNA in T7 RNA
polymerase directed run-off transcription reactions. Aliquots of
the RNA were translated in a cell free translation system
(rabbit reticulocyte lysate and wheat germ extract) and the
synthesised proteins, which were labelled with 35S methionine,
were analysed by polyacrylamide electrophoresis. Translation of
RNA derived from templates containing the entire MAG S coding
region produced three major products with electrophoretic
mobilities equivalent to the predicted My of the encoded
products, N, NSs and ORF3 proteins. Translation of transcripts
derived from plasmids containing NSs and 9.3K ORFs or 9.3K ORF
only produced two major products or one major product

repectively, corresponding to NSs and/or the 9.3K protein. These



experiments indicated that the proposed sites of initiation of
translation for N, NSs and 9.3K proteins were correct but in
addition it demonstrated that all three encoded products were
capable of being translated from a single mRNA species

The NSs tandem initiation codons for NSs in the MAG S cDNA were
mutated either singly or together to leave either the first or
second or no potential codons at the start of the NSs ORF.
Translation of transcripts derived from these templates
indicated that NSs translation was initiated at the tandem AUG
and that both the first and the second AUG were equally capable
of initiating NSs translation. In addition NSs translation was
found to be unaffected by the loss of the upstream N initiation
codon or coding sequences. However, synthesis of the 9.3K
protein was reduced when the upstream N initiation codon was
inactivated.

Although the 9.3K protein product could be translated in vitro,
its presence could not be demonstrated in radiolabelled MAG
virus infected cells due to a high background of labelled host
proteins. In an attempt to make a specific antiserum to this
protein the 9.3K protein was expressed as a beta-galactosidase
(B-gal) fusion protein in bacterial cells. A protein band
corresponding to the fusion protein was isolated from
preparative polyacrylamide gels and used to inoculate a rabbit
at 3-4 week intervals. Test bleeds were used 1in
immunoprecipitation assays of appropriately programmed rabbit
reticulocyte lysates, but the serum failed to immunoprecipitate
the 9.3K protein. However, the serum was able to recognise the
P—gal carrier protein in a seperate immunoblot assay of p—gal
protein. It was concluded that the 9.3K protein was poorly
immunogenic and no further attempt at raising an antiserum to
this protein was made.

The N protein interacts with each RNA genome segment to form
internal nucleocapids within the Bunvaviridae particle. Each
nucleocapsid consists of a single species of RNA genome segment
(L, M or S), multiple copies of N protein and minor amounts of L
protein. In virus infected cells N protein has high specificity
for full length negative-sense genomic or positive-sense
antigenomic RNA, but not viral mRNAs, which have different 5’
and 3’ ends, and host cell RNA. The nature of this specificity

il



is unknown and was investigated by studying in vitro the RNA
binding activity of recombinant expressed N protein with various
S segment derived RNA species. Full length § segment cDNAs were
assembled for both MAG and BUN viruses. These cDNAS were placed
under T7 promoter control to enable full length positive sense
RNA transcrips to be obtained. In addition a negative sense BUN
S cDNA was made. The BUN S cDNA was further altered to create an
abbreviated S segment containing essentially the 5’ and 3’ non-
coding regions of the segment. A source of nucleocapsid protein
was obtained via the baculovirus expression system. This
entailed the placing of the MAG S coding region downstream of
the baculovirus polyhedrin promoter in a baculovirus transfer
vector, pAcYMl, and recombining the plasmid into the baculovirus
genome via homologous recombination. An isolated recombinant
baculovirus, AcCMAGS, expressed recombinant N protein in infected
insect cells, Spodoptera frugiperda. A significant fraction of

this expressed protein was soluble and was purified to
homogenetty in a two stage protocol consisting of N protein
enrichment by ammonium sulphate precipitation and ion exchange
chromatography (Mono Q FPLC). The MAG N protein was also
expressed as a beta-galactosidase fusion protein in E.coli. This
fusion protein was immunologically recognised by MAG virus
specific serum.

The RNA binding activity of recombinant N protein was
investigated by three techniques: North-west blot; filter
binding; and gel mobility shift assay. Analysis of N-RNA
interaction by North-west blot failed to demonstrate any
specificity of interaction, for both baculovirus expressed N
protein and bacterially expressed beta-galactosidase N fusion
protein. Measurement of RNA-N interaction by filter binding
assay defined optimum pH, NaCl concentration and temperature
with which to obtain maximal levels of RNA-N complex. However,
complexes formed under these conditions failed to exhibit
specificity of interaction. RNA-N complexes were also analysed
by gel mobility shift assay, 1in which the interaction of the N
protein with RNA was visualised on an agarose gel as an
alteration of the mobility of radiolabelled RNA when complexed
with N protein as opposed to free RNA. Although complexed and
free RNA could clearly be distinguished (the conditions employed

iii



to allow interaction to occur were the same as those used in
the filter binding assay) specificity of interaction could not

be demonstrated. The specificity of interaction that exists in
bunyavirus infected cells could not be demonstrated in vitro

using the above reagents.
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INTRODUCTION.

1l.Introduction and Classification of the Bunyaviridae family

It has been almost fifty years since Bunyamwera virus, the

prototype virus of the Bunyaviridae family, was first isolated in the

Bunyamwera area of the Semliki forest, Uganda (isolated in 1943,
Smithburn et al, 1946). Since then the number of Bunyaviridae isolated
has grown dramatically. Today the family comprises of over 300 viruses

(Kingsford, 1991) grouped into five genera (Bunyavirus, Hantavirus,

Nairovirus, Phlebovirus, and Tospovirus) making it one of the largest

groupings of animal viruses. However despite the size, global
distribution and presence of many individual virus pathogens within the
ranks of the family it is only over the last few years that a greater

understanding of the Bunyaviridae has been achieved. This leap in

knowledge has been achieved principally through the application of
molecular biology techniques to this area of animal virology.

The Bunyaviridae are single stranded RNA viruses of negative sense.
Negative stranded RNA viruses are distinguished from positive stranded
RNA viruses on the basis that the positive stranded virus particle lacks
RNA polymerase activity and the RNA genome acts as mRNA. Once introduced
into the cell the RNA is translated by cellular ribosomes into viral
proteins. The RNA of negative sense viruses is not infectious and is
dependent, once in the cell, upon the virion associated RNA polymerase
to transcribe viral genomic RNA into the antigenomic, complementary
sense RNA, which constitutes message sense RNA. This mRNA is then

translated into viral proteins to enable continuation of the infectious

process.



The Bunyaviridae genome is segmented and consists of three RNA

segments. Those viruses included in the genera Bunyavirus, Hantavirus

and Nairovirus can be regarded as conventional negative stranded RNA
viruses such as the the unsegmented filoviruses, paramyxoviruses and
rhabdoviruses and the 7 or 8 segmented orthomyxoviruses. In contrast

viruses belonging to the Phlebovirus, and Tospovirus genera resemble the

unconventional arenaviruses in that part of their segmented genome is
both positive and negative sense ie ambisense. All viruses in the
Bunyaviridae are however united by a series of common features which are
used in the classification of the family.

The criteria for classification as a member of the Bunyaviridae
family, as outlined by Bishop et al, 1980, are:
1. The virus particles are spherical (90-100nm in diameter) and
enveloped.
2. Each virion contains three unique single stranded segments of RNA.
These segments are designated according to size (L, large; M, medium;
S, small.)
3. Closely related viruses are able to genetically interact by genome
segment reassortment.
4, Each of the single stranded RNA segments in the virion is complexed
individually into a helical ribonucleoprotein complex containing
nucleocapsid protein and L protein (the presumptive polymerase).
5. The virion envelope contains two viral glycoproteins designated Gl
and G2. The glycoproteins exhibit type specific antigenic determinants.
6. The viruses replicate in the cytoplasm of the infected cell and
mature by budding into the smooth surface vesicles in or near the Golgi

apparatus.



On the basis of seroloxgical tests and genetic relatedness, the

majority of the Bunyaviridae have been classified into four genera:

Bunyavirus, Hantavirus, Nairovirus and Phlebovirus (Francki et al,
1991). Members of each genus are further subdivided into categories of
varying degrees of antigenic relatedness from serogroup, complex,
serotype to subtype and variety. An example of the serological
classification of a single genus is illustrated in table 1. The
serological assays employed are  complement fixation (CF),
neutralisation, haemagglutination inhibition (HI) and more recently
ELISA assays (Gonzalez-Scarano et al, 1982; Shope, 1985; Schmaljohn et
al, 1988).The neutralisation and HI tests are specific for the antigenic
determinants on viral glycoproteins encoded by the M segment (Gentsch et
al, 1980). The CF reaction is mainly directed against determinants on
the nucleocapsid protein encoded by the S segment. In general the
nucleocapsid protein is more conserved than the glycoproteins, therefore
as a rule viruses within a genus share CF antibodies and are further
differentiated into serogroups on the basis of neutralisation and HI
antibodies. Phleboviruses are exceptions in that the N protein is
conserved to a lesser extent than the glycoproteins, and so the CF test
is type specific and the HI test is cross-reactive, except for the
Uukuniemi serogroup where in comparison with other phleboviruses it is
the N protein that is more conserved, (Calisher et al, 1981; Shope,
1985; Calisher and Karabatson, 1988; Bishop, 1985; Francki et al, 1991).

2. Natural history of the Bunvaviridae

A. Geographical Distribution.

Individual viruses are named after their site of original

geographical isolation and hence the cosmopolitan variety of names lends
X

testament to the worldwide distribution of the Bunyaviridae. Indeed

members of the Bunyaviridae family have been isolated from every




continent except Antarctica; despite this near worldwide distribution
there appears to be a geographical localisation of viral serotypes to
specific continents or geographical regions (Calisher, 1988) eg
Bunyamwera virus to Africa and California encephalitis virus to North
America (Bishop and Shope, 1979). The reason for such geographical
isolation has not been determined although it may possibly be associated
with adaption of the virus to susceptible host species within a
geographical region and lack of susceptible host species outside that
geographical boundary.

B. The Arthropod-borne Genera of the Bunyaviridae Family.

Members of the family are transmitted by biting arthropods except for
members of the Hantavirus genus. Virus transmission in nature revolves
around the replication of virus in a permissive invertebrate host and
virus introduction into a vertebrate host during the course of a blood
meal by the invertebrate vector. A wide range of invertebrate and

vertebrate hosts, including man, are infected by members of the

Bunyaviridae family and many members are important human and or
veterinary pathogens.

The Bunyavirus genus is the largest of the five genera with over
160 viruses classified into 16 serogroups (Bishop, 1990). Almost all of
these viruses are transmitted by mosquitoes, although members have also
been associated with Culicoides midges. Bunyamwera virus, the type virus

for the family Bunyaviridae and the Bunyavirus genus was first isolated

from Aedes species mosquitoes (Smithburn et al 1946). This virus has

subsequently been isolated from Aedes, Mansonia and Culex mosquitoes in

the Central Africa region (Berge, 1975).

Named after the type virus, Nairobi sheep disease, the Nairovirus



genus consists of 7 serogroups and all members are transmitted by ticks
(Casals and Tignor, 1980; Zeller et al, 1989). Nairobi sheep disease

virus is found associated with Rhipicephalus ticks isolated from

domestic animals and is localised to Central and Southern Africa (Berge,
1975). Crimean-Congo haemmorrhagic fever virus (CCHF), the causative
agent of a potentially fatal human disease, is associated with a wide
variety of Hyalomma ticks. CCHF virus is distributed over a wide
geographic area including sub-Saharan Africa, eastern Europe and Asia
(Gonzalez-Scarano and Nathanson, 1990). The most detailed studies of
CCHF virus have been made in South Africa where the virus is highly
endemic in cattle and large wild herbivores (Sheperd et al, 1987)

Until relatively recently a single serogroup with 13 members, all of
which are transmitted by Ixodes ticks, made up a separate genus known as
the Uukuvirus genus (Bishop, 1990). Uukuniemi virus, the prototype of
the genus, was originally isolated in Finland in 1960 from a cattle tick
and has been repeatedly isolated from sea birds (Gonzalez-Scarano and
Nathanson, 1990). It has recently been established that uuku- and
phlebo- viruses are genetically closely related and so the wukuviruses
have been re-classified as a serogroup within the Phlebovirus genus
(Francki et al, 1991).

At least 39 other viruses make up the Phlebovirus genus (Karabatsos,
1985; Tesh et al, 1982; Travassos da Rosa et al, 1983). These viruses
are transmitted by mosquitoes and phlebotomine flies (Tesh, 1988).
Phleboviruses have been isolated from phlebotomine flies in both hemi-
spheres and all show antigenic relatedness to the type virus, sandfly
fever Sicilian (SFS) virus (Gonzalez-Scarano and Nathanson, 1990). SFS

virus can cause acute non-fatal influenza like illness, phlebotomous



TABLE 1. Proposed serologic classification of viruses of family Bunyaviridae, Genus Bunyavirus?®

Anopheles A group
Anopheles A
CoAr3624°
ColAn57389°
Las Maloyas
Lukuni
Trombetas®
Tacaiuma
H32580°
SpAr2317° (Virgin River)
CoAr1071° (CoAr3627°)

Anopheles B group
Anopheles B
Boraceia

Bunyamwera group
Bunyamwera
Batai (Calovo)
Birao
Cache Valley
(Tlacotalpan)
Maguari (CbaAr426°)
Playas
Xingu®

Germiston
llesha
Lokern
Northway
Santa Rosa
Shokwe
Tensaw

Kairi

Main Drain

Wyeomyia
Anhembi (laco,

BeAr328208°)

Macaua®
Sororoca
Taiassui®

Bozo®

Fort Sherman®°

Mboke®

Ngari€

Tucunduba®-¢

AG83-1746%¢

Bwamba group
Bwamba
Pongola

C Group
Caraparu
Caraparu (BeH5546,°
Trinidad®)
Ossa
Apeu
Vinces
Bruconha®
Madrid
Marituba
Murutucu
Restan
Nepuyo (63U11°)
Gumbo Limbo
Oriboca
Itaqui

California group
California encephalitis
Inkoo
La Crosse (snowshoe
hare)
San Angelo
Tahyna (Lumbo®)
Melao
Keystone
Jamestown Canyon
(South River,® Jerry
Slough)
Serra do Navio
trivittatus
Guaroa
AGB83-497%¢

Capim group
Capim
Acara
Moriche
Benevides
Bushbush
Benfica
GU71u344°
Juan Diaz
Guajara (GU71u350°)

Gamboa group
Gamboa
Pueblo Viejo (75-2621°)
Alajuela®
San Juan (78V-2441.°
75V-2374°)
Brus Laguna®°

Guama group

Guama
Ananindeua
Moju
Mahogany Hammock

Bertioga
Cananeia
Guaratuba
Itimirim
Mirim

Bimiti

Catu

Timboteua

Koongol group
Koongol
Wongal

Minatitian group
Minatitlan
Palestina

Olifantsviei group
Olifantsvlei (Bobia)
Botambi
Dabakala®

Oubi®

Patois group
Patois
Abras
Babahoyo
Shark River
Zegla
Pahayokee

Simbu group
Simbu
Akabane
Yaba-7°
Manzanilla
Ingwavuma
Inini
Mermet
Buttonwillow
Nola
Oropouche
Facey's Paddock®
Utinga
Utive®
Sabo
Tinaroo
Sathuperi (Douglas)
Shamonda
Sango
Peaton
Shuni
Aino (Kaikalur,
Samford®)
Thimiri

Tete group
Tete
Bahig
Matruh
Tsuruse
Batama

Turlock group
Turlock
Lednice
Umbre
M’'Poko
Yaba-1°

Ungrouped
Kaeng Khoi
Leanyer®

? Viruses are classified in three steps indicated b

parentheses are varieties.

y degrees of indentation—complex, virus, and subtype: viruses in

® These viruses are not in the published or working International Catalogue of Arboviruses as of 1988
€ Unassigned within the group.

Table taken from Bishop (1990)



fever in humans, but the most important pathogen of the genus is Rift
Valley fever virus. This is a particularly virulent pathogen of domestic
animals and man. Originally isolated during an investigation in 1930 of
an epidemic amongst sheep on a farm in the Rift Valley in East Africa,
the virus was shown to be mosquito borne and the causative agent of
disease in goats, cattle and humans in the epidemic area (Daubey and |
Hudson, 1931). The virus can be transmitted by a wide variety of Aedes
and Culex mosquito species, which has facilitated the virus spread as
far north as Egypt (Gonzalez-Scarano and Nathanson, 1990). The Rift
Valley fever virus fluctuates between epizootic periods associated with
the rainy season and high mosquito density when the virus is readily

isolated, and enzootic periods when isolation is almost impossible

(Megan and Shope,1981).

C. Anthropod vector - virus interactions

Infection of insect vectors is asymptomatic and results in a life long
persistent infection. Adult insects can acquire the virus in one of two
ways;
(a) Oral infection, in which the insect ingests a blood meal from an
infected vertebrate host (Berge, 1975).
(b) Venereal transmission between adult insects (Thompson and Beaty,
1978).
It should be noted that the relative epidemiological importance of these
two modes of infection under natural conditions has not been evaluated.
Baldridge et al (1989), however, suggested that venereal and
transovarial transmission (discussed below) are important in maintaining
a low rate of viral evolution.

Parental transmission of the virus to offspring is by transovarial

infection rather than by the transovum route, as virus can be isolated
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from surface sterilised eggs (Beaty and Thompson, 1976). This method of
infection has been demonstrated both experimentally (Baldridge et al,
1989) and from a number of field isolates from eggs, larvae and pupae,
and is thought to be of particular importance during periods of vector
inactivity i.e. overwintering, when infected females deposit eggs in the
autumn and in the spring these eggs hatch to yield infected larvae
(Watts et al, 1974; Beaty and Bishop, 1988).

D. Hantavirus transmission and infection.

There is no evidence for an arthropod vector associated with members of
the Hantavirus genus. Each hantavirus has a single or a few host rodent
species in which it can maintain a persistent asymptomatic infection.
Viral transmission is thought to be caused by aerosolised rodent
excretions (Lee, 1982). On the basis of the degree of serological
cross-reactivity, hantaviruses have been classified into several
serotypes. Hantaan (strain 76-118), Puumala (strain Hallnas Bl), Seoul
(strain 80-39), Prospect Hill, lLeaky and Four Corners virus are
prototypes of the six major serotypes (Baek et al, 1988; Hughes et al,
1993). Hantaan, Puumala and Seoul virus complexes are associated with
human diseases collectively known as haemorrhagic fever with renal
syndrome (HFRS) (WHO, 1982; Lahdevirta, 1982), whereas the Four Corners
virus is associated a relatively recent syndrome described as hantavirus
pulmonary syndrome (HPS). Hantaviruses have been detected in indigenous
rodents throughout the world both in areas where HFRS occurs and in
those where the disease syndrome has not been reported. Epidemic
haemorrhagic fever was first recognised among United Nations soldiers in
Korea in 1951 and was called Korean haemorrhagic fever. Similar diseases
were described in the USSR and China. Wild rodents were suspected of
being the source of infection and Hantaan virus, the genus prototype,

was first isolated from a field mouse, Apodemus agrarius ( Lee et al,




1978). Viral antigens were detected in lung tissue of the mouse by
immmofluorescence studies using sera from patients suffering from HFRS.
The agent could be passed from infected to uninfected A, agrarius but

not to other rodent species. The agent was shown to be a virus belonging

to the Bunyaviridae family, and was called Hantaan virus after the

Hantaan River in the region where the original cases had been described.
The isolation of Hantaan virus quickly led to identification of other
hantaviruses such as Puumala virus from Scandinavia, which is associated

with a species of vole (Clethrionymys glareolus) (Brummer-Korvenkontio

et al, 1980), and Seoul virus associated with rats (Lee et al, 1982).

E. Human pathogenic infections by Bunyaviridae

Human disease has been associated with members of the Bunyavirus,

Hantavirus, Nairovirus and Phlebovirus genera. In most cases these
infections are incidental and occur only when humans intrude on the
natural routes of transmission (Gonzalez-Scarano and Nathanson, 1990).
Disease syndromes range from influenza-like illness with transient mild
fevers through to encephalitis and severe haemorrhagic fevers (Shope,
1985). It should be noted that a particular disease syndrome is not
restricted to any one genus or serogroup and different viruses in the
same serogroup or genus may cause different syndromes. Human viral
infection in most instances is caused by bites from infected insect
vectors, though hantavirus infections are caused by close contact with
the natural rodent hosts and the virus conveyed by the same means as
rodent-to-rodent infections, i.e. by aerosolised rodent excretia (Lee,
1982). Person to person transmission of hantaviruses via this route has
not been reported.

Crimean-Congo haemorrhagic fever nairovirus and Rift Valley fever



phlebovirus, which can be transmitted by bites from ticks or mosquitoes
respectively, can also be transmitted to humans by a non-
vectored route i.e. exposure to infected animal tissues. Crimean-Congo
haemorrhagic fever virus infection can also occur by exposure to
infected humans or their body fluids. It is presumed that these non-
vectored forms of infection are by aerosol or percutaneous routes
(Burney et al, 1980; Sabin and Blumberg, 1947).

F. Tospovirus transmission, infection and classification

The causative agent of the plant disease tomato spotted wilt was first
shown to be caused by a virus by Samuel et al,(1930). Tomato-spotted
wilt virus (TSWV) has a host range much wider than any other plant
virus: at least four hundred plant species from fifty botanical
families, both monocots and dicots, are naturally infected by TSWV
(Peters et _al, 1991). Among the host plants are a number of important
crops including tobacco, lettuce, onion and pea (de Haan et al, 1989).

The virus also infects ornamentals such as Impatiens, Ageratum, and

Chrysanthemum (Goldbach and de Haan, 1993). The virus has a worldwide

distribution and is horizontally transmitted by nine species of thrips
(de Haan et al, 1989) and is able to replicate in these insect vectors
(Wi jkamp et al, 1993). In addition the virus can also be vertically
transmitted through the seeds of certain plants (Beaty and Calisher,
1991).

Three serologically distinct TSWV groups (I-III) were defined using
antibodies directed against their nucleocapsid protein (de Avila et al,
1990, 1993; Law and Moyer, 1990). The serogroup I isolates cross react
with antibodies to serogroup II, but not with antibodies to group III.

Serogroup III consists of isolates from Impatiens plants and have been



defined as a different virus, Impatiens necrotic spot virus (INVS) (Law
et _al, 1991). The physicochemical nature and morphogenesis of these
viruses are unique amongst plant viruses but similar in nature to the

Bunyaviridae (de Haan et al, 1989) and early studies (de Haan et al,

1990) suggested the coding strategy of the TSWV genome is similar to
that of phleboviruses. However, the absence of significant sequence

homology between TSWV and other members of the Bunyaviridae family

suggests that TSWV represents a new genus within the family and the name
Tospovirus has been proposed (Peters, 1991).

3. Bunyaviridae Virion Structure.

Electron microscopic studies have demonstrated that virion surface
structure varies between members of different genera (Martin et al,
1985). It is presumed that this is because of different arrangements of
surface proteins on the virus particle (Martin et al, 1985; Schmaljohn

and Patterson, 1990). Bunyaviridae virions are, however, generally

spherical, 80-120nm in diameter and have a fringe of surface
glycoprotein projections 5-10mnm in length which are embedded in a lipid
bilayer 4mm thick (Talmon et al, 1987). A schematic diagram of a

Bunyaviridae virus particle is provided in Figure 1. Each virion has two

species of glycoproteins termed Gl and G2 although Folke et al (1981)
detected three species of glycoprotein in Hazara nairovirus. It should
be noted that by convention the larger molecular weight glycoprotein is
termed Gl. The overall chemical composition of an uukuvirus virion was
est.imated to be 2% RNA, 587 protein, 33% lipid and 7% carbohydrate
(O?/{jeski et al, 1976a; Obijeski and Murphy, 1977).

Bunyaviridae particles possess three internal nucleocapsids. Each

nucleocapsid consists of a single species of RNA genome segment (large
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Figure 1.

Schematic representation of a virus particle of the
Bunyaviridae family. The viral structural proteins L, Gl1,
G2 and N are indicated. The three internal nucleocapsid
structures representing each of the three genome RNA
segments (L, M and S) individually integrated with N and

L proteins are also indicated. Figure adapted from Golbach
and de Haan (1993).
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(L), medium (M), or small (S)) nucleocapsid protein (N) and minor
quantities of L protein, the putative RNA polymerase. An estimated ratio
of 25 L protein to 2100 N protein molecules per viral particle has been
reported (Obijeski et al, 1976a). The ribonucleocapsids appear to be
helical in structure (von Bonsdorff and Pettersson, 1975). Unlike other

enveloped RNA viruses, Bunyaviridae family members do not encode an

internal matrix protein and it is thought that the virion structure may
be stabilised by direct interaction of the internal nucleocapsids with

the cytoplasmic domain of the glycoproteins (Pettersson and von

Bonsdorff, 1987; Talmon et al, 1987).

4, Molecular biology of animal Bunyaviridae

A. Bunyaviridae Genome Terminal Sequences,

The 3' terminal nucleotide sequences of the L, M and S genome segments
of viruses within each genus are conserved but differ from the genome
terminal sequences in other genera, except for the wukuviruses and
. phleboviruses which have identical 3' terminal sequences (Figure 2). The
~ 5' terminal sequences of genome segments have also been determined for a
% number of representatives from different genera and are complementary to
;fthose Sequences at the 3' termini (Figure 3).

Under the electron microscope Bunyaviridae nucleocapsids were

Wffound to be circular (Obijeski et al, 1976b; Pettersson and von
Bonsdorff, 1975; Samso et al, 1975) despite the fact that the RNA
i segments contain 5' triphosphate and 3' hydroxyl ends (Obijeski et al,

1976 ). This circularity was postulated to be due to the complementary

Bnature of the 5' and 3' termini which would allow the formation of

bases in length dependent on the genus. The conserved genus specific
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terminal sequences are shown in Figure 2.

The terminal sequences of the three genome segments of Bunyamwera
and La Crosse bunyaviruses are compared in Figure 3. The terminal 11
bases at both the 3' and 5' ends in all genome segments are conserved,
complementary and constitute the genus specific consensus sequences. The
complementarity extends beyond the consensus sequence for a further 15
to 20 nucleotides, depending on the segment. Following the genus
consensus sequence the S and L segments of both virus genomes exhibit
segment specific sequences of four nucleotides whereas the M segment of
both viruses exhibit virus specific M segment sequence (Figure 3).
Dependent on the genome éegment complementarity between the 3' and 5'
termini is maintained beyond the consensus sequence such that the longer
the segment the longer the panhandle. The position and nature of the
loops and bulges does not appear to be conserved.

Interestingly, both viruses possess within the genus consensus
sequence an "allowable" U G base pair at position 9 which would
constitute an A C mismatch in the antigenome RNA. This would therefore
be a potential method of differentiating genomes from antigenomes.
However mismatches are not present in the conserved sequences of the
other genera. The RNA genome segments of influenza virus also possess
complementary 5' 3' termini. Hsu et al (1987) used psoralen cross-
linking to demonstrate that the ends of the genome RNAs within
intracellular and virion nucleocapsids are base paired. Raju and
Kolakofsky (1989a) performed similar psoralen cross-—linking experiments
on La Crosse virus nucleocapsids in virions and in infected cells. Their
results demonstrate that genome segment base pairing does occur, however

the level of cross-linking obtained was lower than that for influenza
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FIGURE 3 A comparison of the complementary sequences and
possible base-paired structures of the LAC virus genome
segments and the BUN virus genome segments (Elliott, 1990;
Hacker et al 1990). Unmatched or mismatched bases are
shown above or below the duplex.



virus. Since electron microscopic studies revealed that the
nucleocapsids used in the cross-linking experiments always appeared
circular the authors concluded that this lower level of cross-linking
was due to inaccessibility of psoralen to the dsRNA structure as a
result of the conformational state assumed by the N protein bound to the
RNA.

It has been suggested that the complementary end base paired
panhandle structures of influenza RNA genome segments act as cis acting
regulatory elements for transcription and possibly viral genome
packaging (Hsu et al, 1987). Similar suggestions have been made for the

conserved 3' and 5' complementary end sequences of Bunyaviridae, that is

they serve as recognition sequences for the virion polymerase or
coordinate packaging of RNA segments (Elliott, 1990).

B. Bunyaviridae genomes and coding strategies of viral genes an overview

The coding strategies of the genomes of Bunyaviridae have been

investigated by a variety of techniques from biochemical and genetic
(Bishop, 1985) through to cDNA cloning and sequence determination of
various genomic segments (Elliott, 1990). These studies have
demonstrated a basic similarity in genomic coding strategy of family
members which can be summarised as follows:

1) With the exception for the coding of NSs by phlebo and uukuviruses
the genome is of negative sense polarity and must be transcribed into
plus sense mRNA for protein production.

2) The L RNA encodes the L protein.

3) The M RNA encodes the virion glycoproteins expressed as a polyprotein
precursor.,

4) The S RNA encodes the nucleocapsid protein.
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An overall summary of the sizes of the virus RNA genome segments from
different genera is provided in Table 2. A sumary of the virus encoded
proteins of the different genera is provided in Table 3. The
similarities and variations of the coding strategies and sequences of
the genome segments and encoded proteins of the different genera will be
discussed in more detail below. A general summary of the coding strategy
of the Bunyaviridae genomes is provided in Figure 4.

C. The L RNA segment

The L RNA segment of the Bunyavirus, Phlebovirus, and Hantavirus genera

are all similar in size (about 6 to 7 Kb), whereas the Nairovirus L
segment is estimated to be up to twice this size (Elliott, 1990). The

large (L) protein (M.> 200,000) observed in all Bunyaviridae members is

proposed to be encoded on the L segment. Independent re-assortment
studies have localised the L protein of Batai, Bunyamwera, La Crosse,
Maguari and Tahyna bunyaviruses to the L segment (Elliott 1989b; Endres
et al, 1989). In addition the Bunyamwera virus L segment sequence and L
protein open reading frame have been determined from cDNA clones
(Elliott, 1989b). The sequence of the L segment of three hantaviruses
have also been established ; Hantaan virus (Hantaan serogroup)
(Schmaljohn, 1990); Seoul 80-39 virus (Seoul serogroup) (Antic et al,
1991a); and Nephropathia epidemica virus, NEV (Pumala serogroup)
(Stohwasser et al, 1991). The L segment sequences of Uukuniemi virus
(Elliott et al, 1992) and Rift valley fever phlebovirus (Muller et al,
1990) have also been established.

The L segment of Bunyamwera (BUN) virus is 6,875 nucleotides in
length and has an open reading frame that encodes a protein of 2,238

amino acids (M. 259,000) in the viral complementary RNA (Elliott, 1989b)
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Table 2.

The sizes of the genome segments of the Bunyaviridae.
Table adapted from Elliott et al (1991). The sizes are given
in nucleotides and are based on nucleotide sequence data
from cloned cDNAs, except for those values in brackets
which are based on estimates from electrophoresis of
RNAs. The Hantavirus L segment values were obtained
from Antic et al (1991); Schmaljohn (1990); Stohwasser
et al (1991). The Phlebovirus L segment values were
obtained Elliott et al (1992) and Muller (1990). The
Tospovirus values were obtained from de Haan et al
(1990; 1991); Kormelink et al (1992); Law et al (1992).
The Nairovirus S segment values were obtained from
 Marriott and Nutall (1992) and Ward et al (1990).




Bunyaviridae L segment M segment S segment
genus

Bunyavirus 6875 4458-4534 850-984
Hantavirus 6530-6530 3616-3682 1696-1785
Nairovirus (11000-14400) (4400-6300) 1672-1712
Phlebovirus 6423-6606 3884-4330 1720-1904
Tospovirus 8897 4972 2916




Table 3.

Proteins encoded by the Bunyaviridae (sizes given in kilo
daltons). Table adapted from Elliott et al (1991). The
Hantavirus L value was obtained from Antic et al (1991);
Schmaljohn (1990); Stowwasser et al (1991). The
Phlebovirus L values were obtained from Elliott et al
(1992) and Muller et al (1990). The Phlebovirus values
shown in brackets are for the Uukuniemi virus
serogroup, which was recently re-classified as a member
of the Phlebovirus genus. The Tospovirus values were
obtained from de Avila et al (1993); de Haan et al (1990;
1991); Law et al (1992). The Nairovirus N values were
obtained from Marriott and Nutall (1992) and Ward et _al
(1990).




RNA segment/ Bunyavirus Hantavirus Nairovirus Phlebovirus Tospovirus
protein
L segment
L 259 246 >200 243 (231) 331
M segment
Gl 108-120 68-76 72-84 55-70 (70-75) 78
G2 29-41 52-58 30-45 50-60 (65-70) 58
NSm 15-18 None None 78/14 (None) 34
S segment
N 19-25 50-54 48-54 24-30 (20-29) 29
NSs 10-13 None None 29-31 (30) 52




Figure 4.

Coding strategies of Bunyaviridae genomes (not to scale). Thin
lines, genomic RNAs; arrows, mRNAs (m, 5 end; », 3' end); solid
boxes, gene products. This diagram is adapted from Elliott (1990).
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A comparison of the amino-terminal 46 amino acids of the BUN L protein
with the predicted amino-termini of the partial sequences for the L
proteins of La Crosse and Snowshoe hare bunyaviruses demonstrated strong
sequence homology between proteins (Elliott, 1989b)

‘ The L segment of Hantaan virus is 6,530 nucleotides in length, as
is that of Seoul 80-39 virus (Antic et al, 1991a), and has an ORF in the
viral complementary RNA that encodes a protein of 2,150 amino acids
(M. 246,500), (Schmaljohn 1990). Seoul 80-39 virus encodes an open
reading frame of 2,151 amino acids ( M. 246,662). The NEV L segment is
6,550 mucleotides in length and has an ORF in the complementary RNA that
encodes a protein of 2,156 amino acids (M. 246,000). A comparison
between all three hantavirus L protein amino acid sequences revealed an
overall homology of greater than 80% (Elliott, personal communication),
whereas individual comparisons of Seoul L or NEV L proteins with BUN L
protein demonstrated low overall homology. The Uukuniemi virus L segment
is 6,423 nucleotides in length and contains a large ORF in the viral
complementary sense of 2,104 amino acids (M. 241,039). The encoded
protein exhibits no detectable similarity with bunyavirus or hantavirus
L proteins but exhibits a 38% homology with Rift valley fever (RVF)
phlebovirus L protein. The RVF phlebovirus L segment is slightly longer
than UUK L segment (RVF L RNA 6,606 nucleotides), but encodes a
similarly sized protein in a large ORF, 2,149 amino acids (M. 243K) in
the viral complementary sense (Muller et al, 1990). The
greatest region of similarity between these two L proteins is in the
central third of their amino acid sequences, residues 800-1600, a
possibly conserved fur%ional domain (Elliott et al, 1992).

It is presumed that the L protein functions in the viral
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transcriptase complex which has been detected in detergent disrupted
preparations of Uukuniemi virus (Ranki and Pettersson, 1975), Lumbo
virus (Bouloy and Hannoun, 1976), Hantaan virus (Schmaljohn and
Dalrymple, 1983) and La Crosse virus (Patterson et al, 1984)., A more
widespread comparison of the Bunyamwera virus and Seoul virus L proteins
with other negative strand virus polymerases did not result in any
regions of extended amino acid homology with the exception of weak
homology with the PBl protein of influenza virus, (Elliott, 1989b; Antic
et al, 1991a; Stohwasser et al, 1991). The PBl protein of influenza A
polymerase complex has been shown to be involved in RNA elongation
(Romanos and Hay, 1984).

Poch et al (1989) described four conserved motifs in RNA-dependent
RNA polymerses. These putative polymerase motifs have been identified
within the area of highest homology between influenza PBl protein and
BUN L protein (Elliot, 1989b). These 'Poch' motifs are conserved in all
known Bunyaviridae L protein sequences (Jin and Elliott, 1992). Figure 5
shows an alignment of the polymerase motifs from known Bunyaviridae L
protein sequences. Each of the four 'Poch' motifs (A,B,C and D) contain
an invariant amino acid residue: Asp in motif A, Gly in motif B, Asp-Asp
in motif C and Lys in motif D (Poch et al, 1989). In motif C
the conserved doublet Asp-Asp (D-D) motif is common to all RNA dependent
RNA and DNA polymerases. The SDD triplet seen in motif C of the
Bunyaviridae polymerase domain is characteristic of t?g polymerase
proteins of all negative and ambisense segmented genome vquses (Jin and
Elliott, 1992). In the unsegmented negative strand viral polymerases a
GDN triplet is characteristic and in plus stranded RNA polymerases a GDD

triplet is characteristic of motif C (Jin and Elliott, 1992; Poch et al,
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1989).

Evidence that the L protein is the viral transcriptase has been
reported by Jin and Elliott (1991). By placing cDNA containing the L ORF
of Bunyamwera virus in a recombinant vaccinia virus, L protein was
expressed in vaccinia infected cells. The expressed protein was found to
have the same electrophoretic migration as L protein synthesised in
Bunyamwera virus infected cells; to react with L protein monospecific
antisera; and lastly, to possess RNA synthesis activity (Jin and
Elliott, 1991). More recently Jin and Elliot (1992) carried out specific
mutagenesis to the putative polymerase domain of the BUN L protein and
the effects these alterations had on the the RNA syfnthesis activity of
transiently expressed L protein was assesed in a nucleocapsid template
transfection assay. The residues which were altered are indicated in
Figure 5. Jin and Elliott (1992) reported that changes to conserved
residues within individual motifs resulted in the loss of L protein
activity. Even conversion of the motif C SDD triplet to GDN, found in
the non segmented negative strand viral polymerase, resulted in the loss
of L polymerase activity. Whereas substitutions made to non conserved
motifs, either within individual motifs or outwith a motif, had no
ffect on L protein activity.

These preliminary results provide evidence that the central region
of the BUN L protein contains the polymerase domain but further work is
required to fully identify those residues, conserved between different
Bunyaviridae L proteins and within the motifs, that are essential for
polymerase activity.

D. The M RNA segment

The M segment encodes two structural glycoproteins, Gl and G2. The
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Figure 5.

Alignment of the putative polymerase domains of Bunyaviridae L
proteins (taken from Jin and Elliott (1992) ). The alignment was
generated using the programs PILEUP and PRETTY in the GCG
package (Devereux et al, 1984), and the regions corresponding to
the four motifs (A to D) identified by Poch et al (1989) are
overlined. 'Con' shows the residues conserved in all Bunyaviridae
L proteins and the large dots indicate the amino acid residues
which were changed in the Bunyamwera virus L protein. The
sequences compared were Uuk, Uukuniemi (Elliott et al, 1992);
Rvf, Rift Valley fever (Muller et al, 1991); Htn, Hantaan
(Schmaljohn, 1990); Seo, Seoul (Antic et al, 1991); Nev,
nephropathia epidemica (Stohwasser et al, 1991); Bun,
Bunyamwera (Elliott, 1989b); Tsw, tomato spotted wilt (de Haan
et al, 1991) viruses.



Uuk
Rvf
Htn
Seo
Nev
Bun
Tsw
Con

Uuk
. Rvf
Htn
Seo
Nev
Bun
Tsw
Con

990
987
968
968
968
1033
1359

A

atsdDaakWngchhvtkf....alMlchFtdplfhgfIirgcsmfmkkrimidgslidiidshttletsdaylgkihrgyhgslddqprwisrggafvgt
atsdDarKWwngghfvtkf....alMlceFtspkwwplIirgcsmftkkrmmmnlnylkildghreldirddfvmdlfkayhg..eaevpwafkgktylet

yvsaDatkWspgdnsakfrrftsmLhngLpnnklkncvidalkqvyktdffmsrklrnyidsmesldphikqfldffpd............ghhge...v
yvsaDatKWspgdnsakfrrftaaLhngLpddrlkncvVidalrhvyktdfymsrklrhyidsmdtyephvrdflnffpd............ghhge...v
yvsaDatKkWspgdnsakfrrftgqsLydgLrddklkncvVvdalrniyetdffisrklhryidnmgelsdevldflsffpn............kvsas...1i
einaDmsKWsaqdvf.ykyfwliaMdpiLypaekt.rIlyfmcnymgkllilpddlianildqgkrpy..nddlilemtn............glnynyvqgi
mwmmcnmxzmmmmwﬁn<x<<wmwpr:v»rwnmmmmHBHmnpwa<<xwxx<npnnm»mw:wnxm@nnmmm:mnmpmwwwx N o woie 0o gL UNOV DV
et O e B L-=-L====c=—- e e e
- L]
B c D

etgmMQGiLhytSSllhtllgewlrtfsqrfirtrvsvdqrpdvlvdvlgsSDDsgmmisfpstdkgatgkyrylsalifkykkvigkYl.giyssvKkSt 1184
ttgmMQGiLhytSSllhtihgeyirslsfkifnlkvapemskslvcdmmggSDDssmlisfpaddekvltrckvaaaicfrmkkelgvYl.aiypseKSt 1179

kgnwLQGnLnkcSSlfgvam.....sllfkqvwtnlfpel..dcffefahhSDDalfiygylepvddgtdwflfvsq...qiqaghlhWwfsvntemwKSm 1141
rgnwLQGnLnkcSS1fgvam.....sllfkeiwtrlfpel..dcffefahhSDDalfiygylepaddgtdwflfvsq...qgigqagklhWwfnvntemwKSm 1141
kgnwLQGnLnkcSS1fgaav.....sllfkrvwaklypel..ecffefahhSDDalfiygylepvddgtewfqyvtq...qigqagnfhWhavngemwKSm 1141
krnwLQGnFnyiSSyvhsca.....mlvykdilkecmklldgdclinsmvhSDDngtslaiignkvsdqgivigyaan...tfesvcltF.gcqanmkKTy 1207
smnwLQGnLnylSSvyhsca.....mkayhntl.ecyk..ncdfqtrwivhSDDnatsl. .iasgevdkmltdfsss...slpem. Hmw..mwmmsmxmm 1530
=== =LQG-L== =SS === == m e e SDD == == e W e KS-

&8 ® (N ] * @



proteins are associated with virus virulence, neutralisation,
haemagglutination and cell fusion (Grady et al, 1987: Arikawa et al,
1989: Antic et al, 1991b). The glycoproteins of different genera vary
widely in size ranging from about 65 to 120K for Gl and 34 to 65K for G2
(Gonzalez-Scarano and Nathanson, 1990). Both proteins are glycosylated
(Elliott, 1990; Schmaljohn and Patterson, 1990). Nucleotide sequence

data indicates that members of Bunyavirus, Phlebovirus, and Hantavirus

genera possess a single large open reading frame in the viral
complementary sense RNA. The hantavirus and wukuvirus M segments only
encode Gl and G2 proteins whereas the bunyavirus and phlebovirus M
segments encode additional proteins (Elliott, 1990). All M segment
encoded proteins are expressed as a precursor polyprotein equivalent to
the entire coding region of the M segment. The polyprotein is cleaved
during or immediately after translation into its individual protein
products. The precursor polyprotein has not been detected in virus
infected cells. However, when M mRNA from UUK or RVF phleboviruses
(isolated from infected cells or generated by in vitro transcription
from cDNA respectively) was translated in vitro in cell-free translation
systems the polyprotein precursor was synthesised. This polyprotein is
not observed if microsomal membranes was present during translation.
Instead proteins with similar molecular weight to viral glycoproteins
were found (Suzich and Collett, 1988; Ulmanen et al, 1981).

(1) Bunyavirus Genus M RNA Segment.

The nucleotide sequences of four bunyavirus M segments have been
determined: snowshoe hare (Eshita and Bishop, 1984); Bunyamwera (Lees et

al, 1986); La Crosse (Grady et al, 1987); and Germiston (Pardigon et
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al,1988). The M segments range in length from 4458 to 4534 bases. The
precursor polyprotein ORF encodes the two viral glycoproteins Gl M,
108K to 125K) and G2 (M. 29K to 41K) and a nonstructural protein, NSm,
(M. 11K to 16K) (Gentsch and Bishop, 1987; Fuller and Bishop, 1982;
Elliott, 1985). The precursor polyprotein has not been detected in
infected cells (Pennington et al, 1977; Lees et al, 1986). In addition,
attempts to translate bunyavirus M segment-specific mRNA from infected
cells have been unsuccessful (Abraham and Pattnaik, 1983; Elliott,
1985).

The gene order of snowshoe hare (SSH) bunyavirus M segment ORF was
determined as 5' G2-NSm—Gl 3'. This result was obtained by the use of
direct amino acid sequence analysis of Gl and G2 glycoproteins together
with specific peptide antibodies to NSm (Fazakerley et al, 1988). A
comparison of known bunyavirus M segment protein coding regions has been
carried out on the basis of the above derived gene order (Elliott,
1990). The open reading frame begins with a signal sequence varying in
length from 13 to 21 amino acids, which is presumed to be cleaved from
the mature G2 protein prior to assembly. The G2 proteins of snowshoe
hare (SSH) and La Crosse (LAC) virus, members of the California
serogroup, demonstrate a 95% homology (Fazakerley et al, 1988: Grady et
al, 1987). A comparison of the G2 proteins of SSH virus with Bunyamwera
virus of Bunyamwera serogroup showed 60% homology (Lees et al, 1986;
Gonzalez-Scarano and Nathanson, 1990). The four bunyavirus G2 sequences
exhibit 66% homology (Elliott, 1990). It should be noted that in all
cases the positions of two predicted N-linked glycosylation sites
(Asn-X-Ser/Thr) are strictly conserved (Elliott, 1990).

The non-structural protein, NSm, which lies between the coding

i3



regions of G2 and Gl, has an overall conservation of 50% homology
(Elliott, 1990). The Gl proteins of all four viruses display about 40%
similarity, with a greater conservation of sequence in the carboxy half
of the protein (Elliott, 1990). The positions of the Cys residues are
strictly maintained which suggests that the proteins might assume
similar folded structure. The Gl proteins of viruses within the same
serogroup demonstrate a higher homology than Gl proteins from different
serogroups. The Gl proteins of SSH virus and LAC virus exhibit a high
degree of homology, 89%,(Gonzalez-Scarano and Nathanson, 1990), whereas
SSH virus and Bunyamwera virus Gl proteins share 41% homology (Gonzalez-
Scarano and Nathanson, 1990). The Gl protein has a single strictly
conserved N-glycosylation site; a second site is conserved within
serogroups (Elliott, 1990).

The hydropathy profiles of the four polyproteins were also compared
and found to be very similar (Elliott, 1990). It is thought that the Gl
protein is anchored in the viral envelope via the hydrophobic sequence
close to its carboxy terminus with amino-terminus external to the
membrane (Elliott, 1990: Gonzalez-Scarano and Nathanson, 1990). Futher
evidence to support this hypothesis comes from the fact that the amino
terminal domain contains epitopes accessible to monoclonal antibodies.
In addition the amino terminus also possesses a conserved trypsin
cleavage site (Fazakerley et al, 1988: Gonzalez-Scarano, 1985). The G2
proteins contain a long hydrophobic domain in the middle of the molecule
(Fazakerley et al, 1988), presumed to be a transmembrane region. The
orientation of the two termini of the G2 protein has not been resolved
due to the lack of G2 monoclonal antibodies. According to amino acid

sequence information and hydropathy profiles the NSm protein is
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suggested to be a membrane bound protein (Elliott, 1990), however
neither the function nor the intracellular location of NSm is known.
(ii) Hantavirus Genus M RNA segment

The Hantavirus genus is represented by five major serotypes and the
nucleotide sequences of the viral M segments of five viruses belonging
to three of these serotypes have been published: Hantaan virus (76-118)
of Hantaan serotype (Schmaljohn et al, 1987; Yoo and Kang, 1987);
nephropathia epidemica virus (NEV) (Giebel et al, 1989) of Puumala
serotype; and Seoul 80-39 virus (Antic et al, 1991b), Biken 1 virus (Bl)
(Isegawa, 1990) and Sappora rat virus (SR-11) (Arikawa et al, 1990) of
Seoul serotype. The M segment is between 3,616 (Hantaan virus) and 3,682
mucleotides in length (NEV). Hantaviruses encode a polyprotein in the
viral complementary sense RNA of between 1,133 to 1,148 amino acids in
length. The polyprotein is processed to Gl and G2 envelope glycoproteins
with molecular weights of 70K and 55K respectively (Elliot et al, 1984;
Schmaljohn et al, 1986; Schmaljohn et al, 1987). The gene order for
Hantaan virus, the prototype of the genus, was established as 5' G1-G2
3' (Schmaljohn et al, 1987). The initial precursor protein of 126K is
processed into Gl (64K) and G2 (53.7K). Mature Gl starts 18 amino acids
beyond the first AUG of the ORF and is preceded by a hydrophobic
sequence (Schmaljohn et al, 1987; Arikawa et al, 1989). The G2 protein,
which starts at amino acid 649, is preceeded by an intergenic region of
6K, which encodes a hydrophobic amino acid sequence and is thought to be
a membrane-spanning region (Schmaljohn et al, 1987). A similar 6K
membrane-spanning intergenic region, which is thought to serve as a
signal sequence for envelope proteins, has been demonstrated between the

two envelope protein coding sequences of the alphaviruses (Garoff et al,
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1980; Strauss and Strauss, 1986).

A comparison of the deduced amino acid sequences of the Gl and G2
proteins for SR-11 HIN and NEV revealed 43% homology for Gl and 50%
homology for G2 (Arikawa et al, 1990). The degree of homology was found
to be higher within serotypes than between: Bl and SR-11 viruses of
Seoul serotype exhibited 98% homology for Gl and 99% homology for G2
(Isegawa et al, 1990); whereas Seoul 80-39 and SR-11 viruses exhibited
77% homology for both glycoproteins (Antic et al, 1991b). The hydropathy
profiles of the M segment encoded proteins are similar (Antic et al,
1991). Hantaan 76-118 virus encoded glycoproteins possess five potential
N-linked glycosylation sites (four in the Gl protein and one in the G2
protein) (Schmaljohn et al, 1987; Antic et al, 1987). A comparison of
the encoded amino acid sequences of SR-11, NEV and HIN M segments
revealed that three potential sites are conserved within Gl and one is
conserved within the protein G2. Both SR-11 and B-1 glycoproteins share
six conserved potential glycosylation sites ; five on Gl and one on G2
(Isegawa et al,1990; Anwaka et al, 1990). Seoul 80-39 M segment ORF was
also found to have five potential sites in Gl, three of which are
conserved with SR11 and Bl Gl proteins, and one potential conserved site
in G2 (Antic et al, 1990).

Expression of Hantaan M and S RNA segment ORFs using recombinant
vaccinia viruses revealed that the specificity of virus neutralisation
resided on the glycoproteins (Arikawa et al, 1989). Baculovirus and
vaccinia virus recombinants expressing the M segment ORF or portions of
the segment encoding either Gl or G2 alone produced antigenically
authentic Hantaan virus proteins retaining all of the antigenic sites as

defined by a panel of monoclonal antibodies to Hantaan virus
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glycoproteins (Arikawa et al, 1989; Schmaljohn et al, 1990). In
addition, the expressed proteins were able to induce antibodies in test
animals which could recognise authentic viral particles in ELISA assays
and also neutralise viral infectivity (Schmal john et al, 1990). Although
baculovirus recombinants which expressed only Hantaan nucleocapsid
protein (N) also appeared to protect some animals from Hantaan virus
challenge (Schmaljohn et al, 1990), this contrasts the situation in
vitro where MAb to Gl and G2 but not N were found to neutralise
infectivity (Arikawa et al, 1989; Dantas et al, 1986).

(iii) Phlebovirus Genus M RNA segment

The nucleotide sequence has been determined for two phleboviruses M
segments: Rift Valley fever virus (RVFV) (Inhara et al, 1985) and Punta
Toro virus (PT) (Collett et al, 1985; Takehara et al, 1989). The RVFV M
segment is 3,885 nucleotides in length and has an ORF encoding a
polyprotein of 1,197 amino acids on the viral complementary sense RNA.
The Punta Toro virus M segment is 4,330 nucleotides in length and
encodes a polyprotein of 1,313 amino acids. Amino-terminal sequence
analysis of purified Gl and G2 from RVFV revealed a gene order of 5'
G2-G1 3' but this is reversed in PT virus ie 5' G1-G2 b o’

Sequence comparison indicates, however, that the G2 of PT is 49%
homologous to the Gl protein of RVFV and that Gl of PT has approximately
35% homology with G2 of RVFV (Thara et al, 1985), hence the apparent
difference in coding order reflects only the nomenclature which is based
on the relative sizes of the two encoded glycoproteins. Both PT and RVFV
Possess extra coding potential in a pre-glycoprotein region, or NSm
region, between the AUG initiation codon and the start of the mature

glycoprotein coding sequences. In the case of RVFV this pre-glycoprotein
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region has five in frame AUG codons which precede the mature G2 and
potentially encodes a protein of 17K. Punta Toro NSm region has 13 in
frame initiation codons before Gl and potentially encodes a protein of
30K (Thara et al, 1985).

Translation in vitro of,(amessage sense RNA transcript of RVFV M cDNA
produced a translation product of 133K (Suzich and Collett, 1988) which
could be further processed in the presence of microsomal membranes to
yield glycoproteins Gl (Mr 65K) and G2 (Mr 56K) as well as additional
polypeptides of 78K and 14K (Suzich and Collett, 1988). Expression
experiments using recombinant vaccinia viruses or baculoviruses
containing cDNAs of RVFV M segment ORF with different ORF initiation
codons such that specific sequence changes removed one or more of the
five in frame initiation codons in the NSm region demonstrated that the
78K protein initiated at the first AUG and the 14K protein at the second
AUG (Suzich et al, 1990) (Figure 6). The 78K protein was presumed to
represent an unprocessed polyprotein of NSm and G2 and the 14K protein
only pre-G2 sequence (Suzich and Collett,1988; Kakach et al 1988).

Using pulse chase experiments it was not possible to demonstrate
that the 78K proteins served as a precursor to G2, and removal of the
first AUG had no negative effect on G2 production (Kakach et al,1988).
Indeed, the functional roles of the 78K and 14K proteins remain unclear,
as both G2 and Gl glycoproteins could be synthesised and processed in
their absence and only the hydrophobic amino acid sequence immediately
preceding the mature glycoprotein coding sequences was shown to be
required for authentic glycoprotein production (Kakach et al, 1988).

Monoclonal antibodies to either the Gl or G2 glycoproteins of RVFV

and PT virus are capable of neutralising infection in cell culture
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Figure 6.

Expression strategy of the Rift Valley fever virus M RNA segment.

The top of the figure shows the M RNA with the coding region for
NSm, G2 and G1 indicated. On the M segment AUG codons are
shown mm* and N-linked glycosylation sites indicated as < The
four protein products detected in infected cells are indicated
below as 14K, 78K and G2 and G1. This diagram is taken from
Elliott (1990) and is a modification of Collett et al (1989).
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(Keegan and Collett, 1986; Pifat et al, 1988), however protection in
animals is only afforded by antibodies raised to the G2 protein of RVFV
and Gl of PT (Collett et al,1987; Schmaljohn et al, 1989; Pifat et al,
1988) which may emphasise the importance of these proteins in the course
of animal infections.

(iv) Phlebovirus Genus- Uukuniemi serogroup M RNA segment

The complete M segment nucleotide sequence has been determined for
Uukuniemi virus, the serogroup type virus (Ronnholm and Pettersson,
1987). The segment is 3231 bases in length and the 5' and 3' ends of the
RNA are complementary for 30 base pairs. A single open reading frame of
1,008 amino acids is encoded in the viral complementary sense RNA.
Translation in vitro of M segment-specific mRNA extracted from infected
cells produced a protein of 110K which was processed in the presence of
microsomal membranes to give ﬁG\l and G2 proteins (Ulmanen et al, 1981).
The viral glycoproteins arek}»similar in size, Gl (M, 75K)and G2 (M. 62-
65K) (Pettersson et al, 1971; Watret and Elliott, 1985; Watret et al,
1985). When synthesised in the presence of tunicamycin, an inhibitor of
N-linked glycosylation, the Mr of both Gl and G2 are reduced to 55K
(Kuismanen,1984). Four potential glycosylation sites for N-linked
glycans have been identified in each glycoprotein (Rommholm and
Pettersson, 1987). The gene order of the glycoproteins was initially
determined by in vitro pulse chase experiments which placed Gl at the
amino half of the 110K precursor and G2 at the carboxy half (Kuismanen,
1984). This was later confirmed by comparing partial amino-terminal
sequences of purified Gl and G2 proteins with the polyprotein sequence
(Ronnholm and Pettersson, 1987). The M segment does not possess any

additional coding capacity for non-structural proteins, however both
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encoded mature glycoproteins are preceded by strongly hydrophobic
sequences thought to be Golgi translocational sequences (Romnholm and
Pettersson, 1987).

Serological Cross-reactivity has not been demonstrated between
uuku- and phlebo- viruses, however viruses from both genera share
several genetic features that Suggest an evolutionary relationship.
Uukuniemi, Punta Toro and Rift Valley fever virus share complementary
3" and 5' nucleotide sequences for the first 10 to 13 residues (Collet
et al, 1985; Inhara et al, 1985; Ronnholm and Pettersson, 1987; Takehara
et al, 1989). In addition, a comparison of M segment polyproteins
demonstrated a low but significant homology between M segment gene
products, particularly towards the carboxy end of the precursor. No

similarity was detected between uukuvirus and bunyavirus glycoproteins
(Rormholm and Pettersson, 1987).

(v) Nairovirus Genus M RNA segment

Estimation of M segment size for individual viruses range from 4,458 up
to 6,300 nucleotides (Clerx and Bishop, 1981; Clerx et al, 1981; Watret
and Elliott, 1985). This makes M segments of nairoviruses larger than M
segments of viruses from other genera. Two glycoproteins have been
detected: Gl (M. 72-84K) and G2 (M. 30-45K) (Clerx and Bishop, 1981;
Clerx et al, 1981; Cash, 1985; Watret and Elliott, 1985), although 3
glycoproteins of M. 84K, 45K and 30K have been detected in virion
preparations of Hazara virus (Foulke et al, 1981).

The nucleotide sequence of Dugbe (DUG) nairovirus M segment has been
established by Marriott et al (1992). The segment is 4,888 nucleotides
in length and therefore at the lower end of the estimated nairovirus M

Ségment size range. The segment contains one ORF encoded in the viral
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complementary sense. This ORF extends from an AUG start codon at bases
48-50 to a stop codon at bases 4701-4703, with a coding capacity for a
polypeptide of 173.3K, The DUG M segment was found not to exhibit any
sequence homology with the M Segments of other members of the
Bunyaviridae or with their predicted polypeptide products (Marriott et
al, 1992). Two surface glycoproteins have been reported for DUG virus,
Gl (Mr 73K) and G2 (Mr 35K), (El-Ghorr et al, 1990). The Gl protein was
mapped to the carbo:il end of the DUG M ORF by amino-terminal sequencing
and cross reactivity of anti-Gl serum to carboxyl DUG M fusion protein
expressed in E.coli (Marriott et al, 1990).

Unlike other Bunyaviridae glycoproteins the DUG Gl protein does not
appear to be processed co-translationally from a polyprotein
representing the entire ORF. Instead the 73K Gl protein is cleaved over
a period of hours from a 85K precursor, which is able to be detected in
virus infected cells (Marrriott et al, 1992). Marriott et al (1992)
suggest that this precursor protein is encoded from residue 830 to the
carboxyl-terminus of the M segment ORF.

The G2 coding sequence is located upstream of the Gl sequence on the
M ORF but immumnoprecipitation of pulse labelled protein from infected
cell lysate using a G2 specific antibodies indicate that the protein is
initially expressed as a non-structural protein with an M. of 70K. This
non=structural protein is encoded between the carboxyl terminus of G2
and the amino-terminal start of the M segment ORF (Marriott et al,
1992),

- Although pulse chase experiments of nairovirus infected cells
Suggest that nairovirus glycoprotein expression is similar to the

Strategy employed by other Bunyaviridae ie. mature glycoprotein is
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obtained from a larger precursor polypeptide (Clerx and Bishop, 1981;
Watret and Elliott, 1985), The results obtained by Marriott et al (1992)

is more complex than the M segment protein prodessing observed in other

genera.

E. The S RNA segment

The S RNA segment in all members of the Bunyaviridae encodes a

nucleocapsid (N) protein in the viral complementary sense RNA (Elliott,
1990; Simons et al, 1990; Ward et al, 1991). The N protein is the most
conserved viral structural protein within each genus. For the
hantaviruses and nairoviruses the N protein is approximately twice the
size of the N protein of members of other genera. The S segments of
hantaviruses and nairoviruses do not encode any additional proteins

(Elliott, 1990; Ward, 1991). Members of the Bunyavirus, and Phlebovirus

genera encode a non-structural (NSs) protein (M. 10-30K). There are two
possible coding Strategies for NSs: the bunyaviruses encode the NSs
protein as an overlapping reading frame within the N protein open
reading frame (Elliott, 1990); the phleboviruses encode NSs on the viral
Sense strand of the S segment (Thara et al, 1984; Marriott et al, 1989;
Simons et al, 1990).

(i) Bunyavirus Genus S RNA segment.

The nucleotide Séquence of six bunyavirus S segments have been
published, Bunyamwera, Germiston and Maguari viruses of the Bunyamwera
Serogroup (Elliott, 1989a; Gerbaud et al, 1987; Elliott and McGregor,
1989); La Crosse and snowshoe hare viruses are members of the California

serogroup (Akashi and Bishop, 1983 ; Cabradilla et al, 1983;
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Bishop et al, 1982) and Aino is a member of the Simbu serogroup
(Akashi et al, 1984),

The S segment length ranges from 850 to 984 bases (Elliott,1990)
and all encode a nucleocapsid protein (Mf 19K-26K) and a non-structural
protein (M. 10K-12K) in overlapping reading frames. A comparison of the
six bunyavirus S RNA Segment encoded N and NSg pProteins was made by
Elliott (1989) and is shown in Figure 7. The encoded N proteins are
similar in size (233 to 235 amino acids in length) whereas the NSs
proteins are more variable (91 to 109 amino acids in length). Overall
the N proteins of the 6 viruses exhibit a 40% homology in their amino
acid sequence. Certain regions of the N protein Sequence are strictly
conserved, particularly between residues 62 to 102, 123 to 169 and the
carboxy-terminal 15 residues. It is possible that these conserved
Séquences are involved in RNA/protein interactions, although there is no
obvious sequence homology to other known RNA binding proteins such as
heterogeneous nuclear RNPs, nucleolin, mRNA polyadenylate binding
protein and small nuclear RNPs (Chan et al, 1989; Query et al, 1989).

The NSs proteins demonstrate about 25% similarity between all 6
viruses but exhibit 70% homology within a serogroup. The region which
demonstrates the highest similarity represents the carboxy terminal of
the shortest NSs protein. Four out of the six NSs amino acid sequences
initiate from a tandem AUG whereas Aino NSs and Germiston NSs initiate
from a single AUG. The function of NSs has not yet been determined but
it may interact with L in a fashion similar to the non structural
Protein / L protein interaction in Vsv.

(ii) Hantavirus Genus S RNA segment

The nucleotide Sequences of four hantavirus S segments have been
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LTLHRLSGYL

EMFLGTFrFY
EMFLQTFKFY
EMFLGTFrFY
EMFLeTFkFY
EMFLeTFkFY
EMFLeTFeFY
EMFL-TF-FY

ssLgWkKtnv
sgLgWkKtnv
sgLgWkKtnv
eqLkWgKggl
eqLkWgrggl
ggLsWaKsgf
==L-W-K---

ttYeSStlkd
ttFeSStlkd
tkFaSStlkd
1gLgSSssml
1gLgSSssmp
ipLdSSssir
==L-S§S-=--

Dslpgtylrr
Dslpgtylrk
Dtlpgtyles
N .t e

.....

RIFYikgrei
RVLYikgrei
RIFYikgrei
RIFFlnaaka
RIFFlnaaka
RfFFlngkka
RIF

ARY1LEk.ml
ARY1LEkilk
ARY1LgkYla
ARWvVLDgYne
ARWVLEQYke
AkWvaDqC. .
AR--LE-Y--

PLaIGIYkVq
PLaIGIYkVq
PLaIGIYkVq
PLtIGIhrVk
PLtIGIYrvk
PLvIdmhrvl
PL-IGIY-V-

SaAARdFLaK
SaAAReFLakK
SsAAReFLsK
SdtAktFLgK
SAdtARSFLgK
SpAARaFLaq
S-AAR-FL-K

aRlkLvSgke
aRlkLvSqgke
aRlkivSqgke
QRprLl1Srvs
gRprLl1Srvs
rRprwySvrr
=R==L-S---

..........
..........

..........

60
KtsLaKrsgw
KtsLtKrsgw
KnsLSKrsgw
KaaLSrkpER
KaaLSrkpER
KmvLSKtaqgp
K--LSK--EW

120
kvsEpeklil
vsd.peklil
.etEpeklim
nddEsqghell
nedEsrrell
ktngiklaea
& e e i ]

180
rkeMEPkYLe
kkeMEPkYLe
rkeMDPkFLe
qgmMDPgYLk
qgmMDPgYLk
kdgMDvnFMr
-=--MDP-YL~-

237
FGInM*,
FGInM*.
FGIrM*,
FGIrLp*
FGIrLp*
FGInix*,.
FGI~M~~

60
vnGkLhLtLg
vsGrLrLtLg
vnGkLrLtLg
grGrLtLnLe
qrGrgilnLe
hngvLiLhLv
=-=-G-L-L-L~-

Six-way alignment of (a) the nucleocapsid (N) proteins and (p) the
non-structural (NSs) proteins of Bunyamwera (BUN), Maguari

(MAG), Germiston (GER), La Crosse (LAC), snowshoe hare (SSH) and
Aino viruses. The alignments were prepared by using the GAP and
PRETTY programs of Devereux et al (1984). The 'conse.nsus'
sequence is based on a plurality of 4, and is a .conyemen.t way of
highlighting regions of strong conservation. This figure is taken
from Elliott (1989a).



published: HIN (Schmaljohn et al, 1986b); SR-11 virus (Arikawa et al,
1990); NEV (Stohwasser et al, 1990); and Prospect Hill virus (PHV)
(Parrington and Kang, 1990). The HIN virus S segment is 1,696 bases in
length. SR-11 and NEV S segments are slightly larger, 1,769 and 1,785
bases in length respectively, whereas PHV S segment is 1,675 nucleotides
long. The encoded N proteins are similar in size (429 - 433 amino acids
in length) and the M. of 46-48K is approximately twice the value for a
bunyavirus N protein. A comparison of the predicted N protein amino acid
sequences of all four viruses demonstrated an overall homo]%y of 58%
(Arikawa et al, 1990). Individual comparisons of HIN N protein sequence
with SR-11 N, NEV N and PHV N protein sequences gave homology values of
82%, 61% and 62% respectively (Arikawa et al, 1990; Stohwasser et al,
1990; Parrington and Kang, 1990). All four N proteins possess stretches
of strong amino acid homology and the carboxy terminal third of the N
proteins were nearly identical (amino acids 303-429) (Arikawa et al,
1990; Parrington and Kang, 1990). Both HIN and SR-11 possess two in
frame AUG initiation codons (at positions 37 and 46 for HIN and 43 and
52 for SR11) at the start of the N open reading frame. Overall the

amino and carboxy termini regions of the different hantavirus N protein
sequences are more conserved than the middle of the protein sequence
(Elliott et al, 1991). A comparison of the distribution of
acidic and basic residues between the four N protein sequences
demonstrates that there is a strong conservation of the charged residues
throughout the N protein sequences (Figure 8). Overall Figure 8 shows
that the first hundred residues from the amino terminal of the
hantavirus N protein sequence is strongly charged with acidic and basic

residues; the second hundred residues contains a cluster of basic
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Figure 8. Distribution of acidic and basic residues in the N
protein of Hantaan (HTN), Sapporo rat (SR-11), neplgropathia
epidemica (NE) and Prospect Hill (PH) viruses. Distrpution
analysis was carried out using the DNA strider sequence analysis
program (Marck, 1988). The acidic (A) and basic (B) amino acids
are indicated with vertical lines. For A, full vertical lines
represent glutamic acid residues and intermediate lines
represent aspartic residues. For B, full lines represent arginine
residues and intermediate lines represent lysine residues and

short lines

represent histidine residues.

Numbers

represent

amino acid residue position within the ORF. Figure taken from
Elliott et al (1991).
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Analysis of the distribution of the acidic and basic
residues in the N protein of Punta Toro (PT), Sicilian
sandfly fever (SFS) and Uukuniemi (UUK) phleboviruses
and tomato spotted wilt tospovirus (TSW). Analysis of
the distribution of the acidic (A) and basic (B) amino acid
residues was carried out using the programme of Marck
(1988). For A, full vertical lines represent aspartic acid
residues and intermediate lines glutamic acids. For B,
full lines represent the positions of the arginine
residues, intermediate lines are lysines and short lines
histidines. Numbers represent amino acid residue
position within the ORF. Figure taken from Elliott et al
(1991).



residues, which may be a possible RNA binding domain; and that the
carboxy terminus is acidic. The significance of these particular charged
domains awaits further investigation.

Both codons in each case have equally favourable flanking
sequences for initiation of nucleocapsid protein synthesis (Schmal john
et al, 1986b; Arikawa et al, 1990). The second in-frame initiation codon
is not present in NEV or PHV N ORFs (Stohwasser et al, 1990; Parrington
and Kang, 1990). In order to define the N protein initiation codon for
HIN virus two recombinant baculoviruses were constructed, one of which
included twelve bases upstream from the first AUG initiation codon and a
second which contained seven bases upstream from the second AUG, but not
the first initiation codon. Recombinants containing both AUG initiation
codons produced nucleocapsid protein in infected cells, while those
containing only the second AUG did not produce nucleocapsid protein
(Schmaljohn et al, 1988). This demonstrated conclusively that N
initiated from the first AUG only. Additional potential open reading
frames have been detected in the viral complementary sense RNA for HIN
virus (48 codons) (Schmaljohn et al, 1986), NEV virus (90 codons), and
PHV (90 codons), but not for SR-11 (Arikawa et al, 1990; Parrington and
Kang, 1990). Expression of these encoded prospective polypeptides could
not be demonstrated (Schmaljohn et al, 1986b; Stohwasser et al, 1990;
Parrington and Kang, 1990).

(iii) Nairovirus Genus S RNA segment

The nucleotide sequence of the S segment of Crimean-Congo Hemorrhagic
fever (CCHF), Hazara (HAZ) and Dugbe (DUG) nairoviruses have been
dJo/tmm{ (Marriott and Nuttall, 1992; Ward et al, 1990). The S segments

range in size from 1,672 to 1,712 nucleotides in length and encode an N
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protein in the viral complementary sense RNA. A comparison of the
termini of these S segments revealed conserved sequences at the 3' (21
nucleotides) and 5' (18-30 nucleotides) ends. Both CCHF and HAZ N
proteins (M. 54 and 54.2KDa) are slightly larger than DUG N proteins (M.
49.4). CCHF and HAZ viruses are closely related antigenically (Casals
and Tignor, 1980) and are members of the same serogroup (CCHF
serogroup), but exhibit weak cross reactivity with members of the
Nairobi sheep disease (NSD) serogroup of which HAZ is a member, A
comparison of the predicted N protein amino acid sequences of these
viruses reinforces the inter-relationship of the two serogroups, with
60% homology between CCHF and HAZ N proteins and only 547 homology with
DUG N protein (Marriott et al, 1992), The DUG N protein shows a 40
residue deletion at the carboxy end relative to CCHF and HAZ N proteins.
This implies that this region is not essential for function. Although
the S RNA coding strategy is similar in both nairo- and hanta- viruses
and the N proteins are similar in size no significant homology was
observed between genera (Ward et al, 1990).

(iv) Phlebovirus Genus S RNA segment

The nucleotide sequences of four phlebovirus S segments have been
determined: Punta Toro (PT) virus (Ihara et al, 1984); sandfly fever
Sicilian (SFS) virus (Marriott et al, 1989); Rift Valley fever virus
(RVEV) (Giorgi et al, 1991); and Toscana (TOS) virus (Giorgi et al,
1991). The S genome segments range from 1,690 bases (RVFV) to 1,904
bases (PT virus) in length and exhibit conserved inverted complementary
' and 3' terminal sequences of between 6-14 nucleotides. The S segment

of the prototype virus, SFS, is 1,746 nucleotides in length and encodes
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an N protein of M. 25K in the 3' half of the virus S segment in the
complementary sense RNA. The viral S segment also encodes a non-
structural protein NSs (M. 30K) in the viral sense RNA on the 5' half of
the segment in a non-overlapping ORF. The N protein is translated from
mRNA corresponding to the 3' half of the virion RNA whereas the NSs is
made from a virion sense mRNA identical to the 5' half of the virion RNA
(Thara et al, 1984, 1985; Marriott et al, 1989). This coding strategy
has been termed ambisense and is also found in S and L RNA segments of
members of the Arenaviridae family (Auperin et al, 1984). TOS and RVFV S

segments encode N (27.7K and 27.4K respectively) and NSs (36.7K and
29.9K respectively) in a similar ambisense strategy (Giorgi et al,
1991). The NSs protein has been detected in SFS, RVFV and Karimabad
phlebovirus infected cells (Watret et al,1985; Smith and Pifat, 1982;
Struthers and Swanepoel, 1982) and the subgenomic mRNA for NSs was
detected in PT virus infected cells (Marriott et al, 1989). In addition,
cDNAs of N and NSs ORFs of PT virus were expressed in two separate
baculovirus recombinants and mono-specific antisera raised to these
proteins immunoprecipitated either N or NSs proteins from PT virus
infected cells (Overton et al, 1987).

(v) Phlebovirus Genus- Uukuniemi serogroup S RNA seement

The nucleotide sequence of the S RNA segment of Uukuniemi virus has been
determined (Simons et al, 1990). The segment is similar in size (1,720
bases) to phlebovirus S RNA and also possesses an ambisense coding
Strategy in which N and NSs proteins are encoded in non-overlapping
reading frames.

The N protein, 254 amino acids in length (M. 28.5K), is encoded in
the 3' half of the viral S RNA in the complementary sense. The NSs
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protein , 277 amino acids in length, (Mr 32K) is encoded in the 5' end
of the viral sense RNA. Northern Blot analysis demonstrated that N and
NSs proteins are translated from subgenomic mRNA of opposite polarity
and about 800 and 850 nucleotides in length respectively. Giorgi et al
(1991) carried out a sequence comparison for both N and NSs proteins of
UUK, RVFV, PT, TOS and SFS phleboviruses. A comparison with RVFV N
protein established a descending order of relatedness of PT)>TOS>SFS>UUK.
A comparison with RVFV NSs protein produced an order of SFS>PT>TOS>UUK.
Overall the N protein was more similar among phleboviruses than the NSs
protein (Giorgi et al, 1991). The amino acid sequence of the N protein
exhibited a 35% and 33% homology with PT and SFS N proteins, whereas PT
and SFS N proteins exhibited a 47% homology (Marriott et al, 1989;
Simons et al, 1990). In addition, the extreme 5' and 3' termini of the S
RNA segments of PT, SFS, TOS and RVFV demonstrate a high degree of
conservation with UUK S segment termini. Thus demonstrating the inter-
relationship between these viruses. A comparison of the charge
distribution along the amino acid sequence of the ambisense encoded N
proteins of PT, SFS, UUK and TSW viruses revealed that they have a
common acidic amino terminal region of about 30 residues followed by a
basic region (Figure 9). Although these features are less pronounced in
TSWV, it does suggest a structural feature that is common to these
proteins, which may be important in N protein-RNA interaction.

5. Tospovirus genus virion structure and molecular biology

TSWV virions are similar to other Bunvaviridae virions in that they are

spherical enveloped particles 80-110nm in diameter with two membrane
glycoproteins, Gl (M, 78K) and G2 (M. 58K), located on the surface of
the virus particle (Mohamed et al, 1973; Tas et al, 1977). The viral
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genome comprises three segments of single stranded RNA: S RNA (2.9Kb),
M RNA (4.8Kb) and L RNA (8.9Kb), (de Haan et al, 1989; 1990; 1991; Van
den Hark et al, 1977; Kormelink et al, 1992a; Mohamed, 1981). Each
segment is individually encapsulated by nucleocapsid (N) protein (Mr
28K) and is associated with minor amounts of L protein (M, 331K) (de
Haan et al; Mohamed, 1973; Tas et al, 1977). The terminal sequences of
the S, M and L RNA segments of TSWV exhibit 5' and 3' complementarity as

is the case with other Bunyaviridae members (de Haan et al, 1989; 1991;

Kormelink et al, 1992a) and the conserved 5' and 3' termini exhibit some
similarity with phleboviruses (Figure 2).

The complete nucleotide sequence of the TSWV have been determined.
The L RNA segment is 8,897 nucleotides in length and encodes a protein
with a predicted M. of 331K in the viral complementary sense (de Haan et
al, 1991). The predicted protein sequence exhibits regions of homology

with the L protein and presumptive polymerase of the animal

Bunyaviridae, Bunyamwera virus and Hantaan virus, (de Haan et al, 1991).
The TSWV L protein also exhibits homology with the core polymerase PBl
protein of influenza A virus (de Haan et al, 1992). The regions of
strongest homology encompass the four putative polymerase motifs
described by Poch et al (1989). An alignment of the TSWV L protein
putative polymerase domain with similar regions of the L proteins of

other Bunyaviridae is shown in Figure 5.

The TSWV S segment is 2,916 nucleotides in length and possesses an
ambisense coding strategy similar to that of S RNAs of phleboviruses
(de Haan et al, 1990). The N protein (M. 28.8K) is encoded in the
viral complementary sense RNA. A non-structural protein (NSs, M. 52.4K)
is encoded in the viral sense RNA (Kormelink et al, 1991). Both ORFs
are separated by an intergenic region which has the potential to fold

into a long stable hairpin structure that may act as a termination
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signal for the two subgenomic mRNAs which terminate in this region (de
Haan et al, 1990). The 5' ends of the S mRNAs isolated from TSWV
infected cells were found to posses non-viral heterogenous sequences of
12 to 20 nucleotides in length (Kormelink et al, 1992b). This would
imply that all tospovirus mRNAs similarly possess such 5' non-viral

sequences, a feature common to viral mRNAs of animal-infecting members

of the Bunyaviridae. These short heterogenous sequences are generated
from capped host mRNA species by a cap snatching mechanism involving the
viral transcriptase and is subsequently used to initiate transcription
on the wviral genome (see viral replicative cycle: primary
transcription). This is the first plant virus reported to use such a
mechanism.

A partial sequence covering 95% (2.8Kb) of the S RNA from a
Bulgarian isolate of TSWV has also been reported (Maiss et .al, 1991).
The N protein and the NSs protein are encoded in a similar fashion to
that reported for the original TSWV isolate. A nucleic acid sequence
comparison revealed a 96% similarity and the predicted sequences of N
and NSs proteins were 92% similar (Maiss et al, 1991). Whereas a partial
sequence of the S segment of the serologically distinct Impatiens
necrotic spot toiaovirus (INSV) encoding the N protein exhibited only a
62% homology with TSWV N protein sequence, strengthening the serological
assay result which placed both viruses in different serogroups (Law et
al, 1991). A similar result was obtained when the nucleotide and amino
acid sequence of the N gene of seven tospovirus isolates, representing
the three serogroups, were compared (de Avila et al, 1993) ie protein
Sequences were strongly conserved within groups (up to 99% homology),
but less conserved between groups, additionally groups I and II shared
more homology with each other (75% homology) than with groupIII (approx-
imately 57% homology).

An alignment of the N protein sequences from viruses of the three
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serogroups showed regions of conservation spread over the length of the
protein but no recognised RNA binding motif (de Avila et al, 1993) and
although the tospovirus nucleocapsid protein is similar in size to

that of phleboviruses no distict sequence similarity was able to be
detected in the N protein sequences of these ambisense S encoded viruses
(de Avila et al, 1993; de Haan et al, 1990).

The seqwices of TSWV and INSV M RNA segments have been determined
(Kormelink et al, 1992a; Law et al, 1992). The TSWV RNA segment is 4821
nucleotides ;'.n length and INSV M segment is 4972 nucleotides long both
have complementary 5' and 3' ends. FEach segment encodes two
glycoproteins, Gl and G2 (78K and 58K respectively), in a single ORF in
the viral complementary sense. In vitro transcription and tranlation of
portions of the INSV M segment cDNA demonstrated that the G2 protein was
encoded from the amino terminus and the Gl protein from the carboxyl end
of .the polypeptide. This is a similar coding strategy to bunyavirus and
phlebovirus M segments. An alignment of INSV G2-Gl ORF with that of Puta
Toro and Rift Valley fever phleboviruses revealed a 36% and 39% simil-
arity respectively (Law et al, 1992). TSWV G2-Gl ORF was found to exhi-
bit homology with the Bunyamwera Gl protein (Kormelink et al, 1992a).

The tospovirus M segment also encodes a non-structural (NSm) protein
in the viral sense with a predicted M. of 34K (INSV) or 33.6K (TSWV)
(Kormelink et al, 1992a; Law et al, 1992). Although ambisense
Bunyaviridae S segments have previously been reported these are the
first reports of a Bunyaviridae M segment with an ambisense nature.
Subgenomic M segment transcripts of both viral and complementary sense

MRNA have been detected in INSV and TSWV infected tissue (Kormelink et

al, 1992a; Law et al, 1992) which implies that both ORFs are expressed.

In both INSV and TSWV the ORFs are encoded in opposite ends of the

Segment and are separated by an A-U rich intergenic region. The A-U rich
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region has the potential to form a stable stem loop structure and is
thought to play a part in mRNA transcription termination. Similar A-U
rich intergenic regions are found in the ambisense tospovirus S segment
of both TSWV and INSV (de Haan et al, 1990; Law et al, 1991) and in the
viral ambisense S segment of Punta Toro phlebovirus (Emery and Bishop,
1987). The tospovirus M segment although sharing features common to
other Bunyaviridae M segments is unique because of its ambisense nature.
Recently Mushegian and Koonin (1993) identified through conserved amino
acid sequence motifs that the tospovirus NSm protein was a member of a
superfamily of RNA and DNA plant virus cell to cell movement proteins.
Such proteins are essential for the dissemination of virus infection
within the infected plant.

Recombinant expression studies of TSWV encoded proteins has so far
been limited to the NSs protein. A recombinant baculovirus expressing
the TSWV NSs open reading frame was used to raise antisera in rabbits to
the 52.4K protein. Immunogold labelling experiments of tissue sections
from TSWV infected plants, using the NSs antisera, located the NSs
protein either dispersed in the cytoplasm or associated with flexible
filamental fibres (Kormelink et al, 1991). Intracellular filaments of
NSs have been reported in PT virus infected cells and were shown to
associate with virions and nucleocapsids (Overton et al, 1987). However,
infection of insect cells with a recombinant baculovirus expressing TSWV
NSs at high levels failed to produce fibrous structures and it is
therefore unlikely that the NSs protein is solely responsible for these
Structures (Kormelink et al, 1991). The role of the NSs protein in TSWV

infection cycle requires further study.
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6. Viral replicative cycle

A. Virus attachment and absorption into the host cell

As with other animal viruses Bunyaviridae initiate infection and entry
into host cells by attaching to receptors on the host cell membrane.
Attachment of the virus to the cell membrane is via the external viral
glycoproteins. The cellular receptor for glycoprotein attachment has not

been identified for any Bunvaviridae. The involvement of the viral

glycoproteins in the attachment process has been demonstrated by the
fact that the proteolytic digestion of the glycoproteins on LAC
bunyavirus particles severely affects virus infectivity (Obijeski et al,
1976a; Kingsford and Hill, 1983). The relative importance of each of the
encoded glycoproteins in the attachment process would seem to vary
between family members and between virus host cells. The Gl and G2
proteins of HIN hantavirus (Arikawa et al, 1989; Dantas et al, 1986) and
RVF and PT phleboviruses (Keegan and Collett, 1986; Pifat et al, 1988)
have been shown to have neutralising and HI sites which implies that
both proteins are involved in attachment. In contrast, neutralisation of
LAC virus was obtained by Gl antibodies (Grady et al, 1983; Kingsford et
al, 1983) and treatment of LAC virions with pronase, which degrades Gl
protein but not G2, was found to produce non-infectious virus (Kingsford
and Hill, 1983). Ludwig et al (1989) reported that protease removal of
Gl from virus particles increased LAC virus affinity for mosquito cells
but did not alter virus infectivity.

The ability of Bunvaviridae viruses to mediate fusion of infected

cells at acidic pH has been reported (Gonzalez-Scarano et al, 1982,
1985: and ‘Gonzalez-Scarano, 1985), and is believed to relate to the

mechanism of viral penetration and uncoating. This process is similar to
the method of entry used by influenza virus and VSV and was first

reported for alphaviruses (Marsh and Helenius, 1980). The pathway

envolves endocytosis of virus particles and sequestration in endosomes
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which subsequently become acidified (Tycko and Maxfield, 1982). This
results in the fusion of cell and viral membranes and the release of the

viral nucleocapsid into the cell cytoplasm. The presence of virus-

filled endosomes has been observed in electron microscope studies of
RVEV infected cells (Ellis et al, 1988). Evidence showing the ability of
the Gl protein to cause cell fusion at acidic pH has been demonstrated
for LAC virus through the use of neutralising monoclonal antibodies
(MAb) that also inhibit haemagglutination (HI) activity (Gonzalez-
Scarano et al, 1985). Pobjecky et al (1989) however, postulated that it
is a hydrophobic domain of G2 rather than the Gl protesin that is
responsible for fusion activity. The authors found that virus particles
lacking Gl, through protease degradation, were able to cause liposome
fusion, whereas Gl containing liposomes were unable to induce fusion.
Ludwig et al (1991) suggest that Gl mediates virus attachment to
vertebrate cells and that G2 serves the same purpose in mosquito midgut
cells. The authors speculate that the 'protease resistant' G2 protein
may have evolved to serve as the virus attachment protein in the midgut
under conditions in which Gl is conformationally altered or removed from
the virus envelope. These suggestions were based on several experimental
findings: purified Gl binds to mammalian and mosquito cloned cell lines
in a dose-dependent mamner but was incapable of binding to mosquito
midgut cells isolated ex vivo, whereas G2 would bind to both mosquito
cell lines but not to the mammalian cells. In addition, LAC virus
infection of mammalian cells was inhibited by treatment of the cells
with purified Gl and infection in mosquito cells was reduced by
treatment of the cells with a combination of Gl and G2 proteins (Ludwig
et al, 1991). This indicates that Gl is able to interact with mosquito
cells and mammalian cells but is unable to interact with mosquito midgut
cells. This would imply an important role for G2 protein in initiating

mosquito infection in the mosquito midgut.
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B. Primary transcription

The initial requirement for replication of a negative sense RNA virus
upon entry into the cell and uncoating of the viral genome is for
primary transcription of the viral genome by the virion associated
polymerase (Bouloy and Hannoun, 1976; Ranki and Pettersson, 1975). As

mentioned previously transcription activity has been detected in

disrupted preparations of Bunyaviridae viruses (Ranki and E/i'ttersson,
1975; Bouloy and Hannoun, 1976; Schmaljohn and Dalrymple, 1983;
Patterson et al, 1984) although the activity was low compared to that of

other negative strand viruses. The mechanism by which the Bunyaviridae

members initiate transcription of their mRNA has not yet been fully
defined, however many similarities have been found with the mechanism
adopted by influenza viruses. Patterson et al (1984) showed that la
Crosse bunyavirus polymerase in vitro was stimulated by dinucleotides
(e.g. ApG), cap analogues (e.g. m7GpppAm) and natural mRNAs (e.g.
alfalfa mosaic virus (ALMV) RNA 4). These results are similar to those
obtained for influenza polymerase (Krug, 1981). Krug and his co-workers
demonstrated that with influenza virus this stimulation was due to a
virus encoded endonuclease that was part of the polymerase complex. The
endonuclease generates an oligonucleotide primer containing the 5
capped end of the mRNA together with the following 12 to 14 nucleotides
which are then incorporated into the influenza transcripts (Krug, 1981;
Plotch et al, 1981; Ulmanen et al, 1983; Ulmanen et al, 1981).

Patterson et al (1984) demonstrated the presence of a methylated
cap dependent endonuclease which cut AIMV 4 RNA 13 to 14 nucleotides
from its methylated capped 5' terminus. It was presumed that these

capped and methylated fragments were the same as those used to prime LAC
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primary transcription as these transcripts possessed 5' extensions of 10
to 14 nucleotides (Patterson et al, 1984). Other bunyavirus, phlebovirus
and tospovirus RNA transcripts have been shown to possess non-viral
coded 5' terminal heterogeneous extensions of 12-15 nucleotides in
length (Bishop et al, 1983; Collett, 1986; Kormelink et al, 1992;
Patterson et al, 1984; and Bouloy et al, 1990). Individual clones of
Germiston virus mRNAs have been sequenced and their 5' termini show
partial homology with some host cellular mRNAs (Bouloy et al,1990). More
recently it has been shown that the sequences of LAC mRNA from infected
cells are capped because they can be specifically selected by anti-cap
antibodies (Hacker et al, 1990). Thus the mechanism of RNA transcription
of influenza viruses and bunyaviruses would seem to be remarkably
similar except that: (a) bunyavirus mRNAs are synthesised in the
cytoplasm using a pool of stable cellular mRNA transcripts (Rossier et
al, 1986) whereas influenza viruses derive their primers froﬁ newly
synthesised RNA in the cell nucleus (Ishihama and Nagata, 1988); (b)
consequently bunyavirus transcription is not inhibited by actinomycin D
or (Y-amanitin whereas influenza activity is inhibited (Vezza et al,
1979); (c) influenza viruses employ three (P) proteins in a polymerase
complex whereas bunyaviruses probably use just one, the L protein (Krug,
1987; Jin and Elliott, 1991).

Primary transcription in other negative sense RNA families such as

Orthomyxoviridae, Rhabdoviridae and Paramyxoviridae has been shown to be

independent of host-cell protein synthesis by use of inhibitors such as
cycloheximide and puromycin (Fields et al, 1990). Reports of the

dependency of Bunyaviridae primary transcription for ongoing host-cell

protein synthesis are contrary to the relative independence exhibited by
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other negative sense RNA viruses. Abraham and Pattnaik (1983)
demonstrated that primary transcription of both Bunyamwera and Akabane
bunyaviruses in infected cells were sensitive to the presence of
cycloheximide. In addition, no or greatly reduced levels of S mRNA could
be detected through hybridisation studies of LAC virus infected cells
when cycloheximide or puromycin was present (Patterson and Kolakofsky,
1984: Raju and Kolakofsky, 1986: Raju and Kolakofsky, 1987). Similar
results were also obtained for Germiston virus mRNA synthesis in
infected cells in the presence of anisomycin or cycloheximide (Gerbaud
et al, 1987). The requirement for ongoing protein synthesis in infected

cells sharply contrasts with the ability of Bunyaviridae particles to

carry out RNA tranmscription in vitro in its absence since in vitro
transcription was thought to represent primary transcription in wvivo
(Bouloy and Hanmnoun, 1976; Gerbaud et al, 1987; Ranki and Pettersson,
1975; Schmal john and Dalrymple, 1983).

A re-examination of the in vitro products of the LAC polymerase
revealed all the S mRNAs to be incomplete products which terminated at
nucleotide 175 and that drugs such as cycloheximide had no effect on
this reaction (Bellocq et al, 1987). Furthermore, full length S mRNAs,
which terminated at nucleotide 886 were only synthesised in vitro if
active rabbit reticulocyte lysate was added (Bellocq et al, 1987).
Addition of cycloheximide into this latter system was found to cause
transcription to terminate at nucleotide 175 but did not effect the rate
of mRNA initiation (Bellocq et al, 1987). The pre-terminating 175
mucleotide transcript of S mRNA was also shown to be synthesised in LAC
virus infected cells in the presence of cycloheximide (Raju et al,

1986). Further in vitro studies revealed that readthrough of the
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termination site at nucleotide 175 to the end of the S mRNA, at
nucleotide 886, in the absence of on-going protein synthesis was
possible by the replacement of guanosine residues on the nascent chain
with inosine (Bellocq and Kolakofsky, 1987). In order to explain these
results Bellocq and Kolakofsky proposed that prerpafure termination was
due to base pairing of the nascent mRNA chainw{its template and that
concurrent ribosomal translation of the nascent chain was required to
break these interactions (Bellocq and Kolakofsky, 1987). Vialant and
Bouloy (1992) recently demonstrated that Germiston bunyavirus
transcriptase was able to synthesise S mRNA and antigenomic S RNA in
vitro in the presence of rabbit reticulocyte lysate treated with a
protein synthesis inhibitor edeine. Edeine acts by inhibiting the
formation of the 40S and 60S ribosomal complexes. However, this
inhibitor does not stop the 40S ribosomal subunit binding to and
scanning the nascent mRNA template (Kozak and Shatkin, 1978). Vialant
and Bouloy (1992) proposed that scamming 40S ribosomal subunits on the
nascent mRNA were sufficient to prevent RNA-RNA interactions between the
nascent chain and its template thereby preventing premature termination
of trénscription in accordance with the model proposed by Bellocq and
Kolakofsky, 1987).

The requirement of on-going protein synthesis for primary

transcription in Bunyaviridae infected cells has been shown to be host

cell-type dependent. Raju et al (1989) demonstrated a translational
requirement for S mRNA synthesis in BHK, Hela and Vero cells infected
with LAC virus but not in infected mosquito cells. Moreover the cell
type dependent translational requirement could be reproduced in vitro by

the use of a cytoplasmic extract (Raju et al, 1989). The authors
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postulated that translational dependency was due to host cell factors

which were present in some cell lines, such as BHK, which enhance

Cell factors which enhance RNA-RNA hybridisation
have been found in Hela cells (Munroe,

RNA/RNA interaction.

1988). The presence or absence of

such a factor in cell lines may account for the discrepancies reported
in the ability to detect full-length mRNA in infected cells treated with
puromycin (Vezza et al, 1979; Eshita et al, 1985).

For both ambisense and non-ambisense Segments the 3' ends of the
mRNA  transcripts never extend to the end of their templates;
consequently the ends of the mRNA do not possess complementary S' and 3'
ends and are unable to form circular structures. The bunyavirus S and M
segment mRNAs have tru(Q\:ated 3" termini of between 60-120 mucleotides in
comparison with their viral template (Bouloy et al, 1984, 1990; Cash et
al, 1979; Eshita et al, 1985; Jin and Elliott, 1993; Patterson and
Kolakofsky, 1984; Pattnaik and Abraham, 1983) all have truncatsd 3'
termini of about 100 nucleotides in comparison with their viral
template. Germiston S mRNA has been mapped to end 110-120 nucleotides
from the 5' end of the template within the template sequence
3"...GGGGUUUGUUAG...5', whereas Germiston M mRNA has been mapped to end
80 nucleotides from the 5' end of the template at the sequence
3'...AUGUUUUUGUU...5' (Bouloy et al, 1990) and Bunyamwera S mRNA to
terminate approximately 100 nucleotides from the 5' end of the template
at the sequence 3'..UUGGGUGUUWU..5' (Jin and Elliott, 1993). Potential
transcription termination sites have been proposed for the S mRNAs of
LAC and SSH viruses at or near the genomic sequence 3'...G/CUUUUU...S'
(Bouloy et al, 1990; Patterson and Kolakofsky, 1984; Eshita et al,

1985). In all cases these termination sites exhibit similarity with the

MRNA transcription termination and polyadenylation signal found in
Influenza virus i.e. 3'...GUUUUU...S' (Gupta and Kingsbury, 1982).
However, polyadenylation of Bunyaviridae mRNA probably does not occur as
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demonstrated by the inability to recover bunya- or phlebo- virus mRNAs
from oligo dT columns (Pattnaik and Abraham, 1983; Suzich and Collett,

1988). It should be noted that most mapped Bunyaviridae mRNAs have the

potential to form stem loop structures upstream of their 3' ends, which
may substitute for the 3' mRNA stability usually provided by a polyA
tail on polyadenylated mRNAs.

The ambisense S segments of phleboviruses (Ihara, 1984; Simon et
al, 1990) as well as the S segment of TSWV (de Haan et al, 1990) produce
mRNA transcripts for N and NSs of opposite polarity. Both N and NSs
subgenomic mRNAs possess heterogeneous 5' terminal sequences similar to
S mRNAs of bunyaviruses (Ihara et al, 1985; Collett, 1986). The ORFs for
N and NSs proteins, encoded on antigenomic and genomic sense strands
respectively, do not overlap and are separated by an intergenic region.
In PT, UUK and TSWV viruses, this region is AU rich and capable of
forming a stable stem loop structure of 360,74 and 503 nucleotides
respectively (Simons et al, 1990: de Haan et al, 1990). Similar
structures have been identified in arenaviruses (Romanowski and Bishop,
1985), and are thought to be involved in transcription termination. The
transcription termination sites for N and NSs mRNAs have been mapped
close to the terminal loop of the stem structure for PT virus S RNA
(Emery and Bishop, 1987).

The SFS virus S segment intergenic region is 250 nucleotides in
length, C rich in the genomic sense and does not possess any obvious
base paired hairpin loop structure (Marriott et al, 1989). Similarly,
the intergenic regions of TOS and RVFV phleboviral S segments,
intergenic regions of 62 and 82 bases respectively, lack secondary

structure and are C rich in the genomic sense RMA (Giorgi et al, 1991).
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These phleboviruses may employ an alternative means of transcription
termination to a stem loop structure in the template, possibljr involving
the homopolymeric C or G stretches in the intergenic region.

C. Genome replication

In negative sense RNA viruses a change from primary transcription to
replication is a switch from mRNA synthesis to synthesis of full length
antigenomes followed by synthesis of full length genomic RNA. Lol
presumed that viral and or host factors are involved in this switch
since genome replication and subsequent secondary transcription are
prevented by inhibitors of translation (Abraham and Pattnaik, 1983; Raju
and Kolakofsky, 1986). mRNA differ from full length antigenomes in that
mRNA 5' ends are capped and the 3' end never extends to the end of their
genomic RNA template and preterminate at mRNA transcription termination
sites. In order to transcribe full length antigenomic RNA presumably
these factors influence directly or indirectly the addition of capped
primers to the 5' end of antigenomic sense RNA and override the mRNA
transcription termination signal on the virus genome sense RNA template,
The processes involved in this transcriptional switch have not yet been

determined for the Bunyaviridae. It is possible that the increasing

concentration of unassembled N protein could initiate the switch towards
replication as is the case of the non-segmented negative strand RNA
viruses (Wertz et al, 1987). Another possible candidate is NSs protein,
where present, which may bind directly to the polymerase protein and
convert the transcriptase to a replicase.

The functional role of the NSs protein in virus replication is
unknown. However, for this protein to be able to function in the initial

Stages of replication requires that the protein is either expressed
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early in infection or is a constituent of the virus particle. The latter
has yrlxever been reported and the ambisense nature of the S RNA segments
of p'leboviruses dictate that NSs mRNA cannot be transcribed into full
length viral complementary sense RNA. However, the full length S viral
complementary sense RNA as well as viral sense RNA have been detected in
Uukuneimi virions (Simons et al, 1990). This implies that early
expression of NSs protein in infected cellsis possible by transcription
of NSs mRNA from virion derived antigenome S RNA template. Direct
evidence of the early expression of virus sense encoded NSs protein
comes from time course studies of RVF phlebovirus infection of cells.
Parker et al (1984) demonstrated that NSs protein could be detected as
early as two hours after infection and that initial detection of NSs
protein was concurrent with the initial detection of N protein. In
contrast to these results studies of UUK virus infected BHK 21 cells
detected N protein as early as 4 hours after infection but were unable
to detect NSs until 8 hours post infection (Simons et al, 1992). In
addition a RVF phlebovirus mutant with a 600 base deletion in the coding
sequence of NSs has been reported. This mutant is able to replicate to
wild type level in Yero and mosquito cells but is defective in human
lung diploid MRC-5 cells (Simons et al, 1992). These results would imply
vthat NSs protein is not necessary for initiation of replication and is
fon essential in particular cell lines. Simons et al (1992) have shown
that UUK NSs protein is strongly associated with the 40S ribosomal
complex and that this association takes place soon after translation.
Vialant and Bouloy (1992) have recently reported that Germiston
bunyavirus requires active 40S ribosomal subunit for the efficient

transcription of message length and full length S RNA in an in vitro
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transcription assay. Given the reported affinity of the NSs protein for
the 40S ribosomal complex a possible role for the NSs protein in viral
transcription can be envisaged; either in maintaining a pool of 40S
ribosomal subunits and/or in coupling the 408 scamu(g activity on the
nascent strand with viral transcriptase activity on the template strand.
A possible tenuous link can be drawn between the reqirement for on-going
protein synthesis and polymerase activity in particular cell types (Raju
et al, 1989), The affinity of the NSs protein for the 40S complex of the
translational apparatus and the essential requirement of NSs protein in
particular cell types (Simons et al, 1992) requires investigation.
Investigation of such a possible link would undoubtedly provide a better
understanding of the functional significance of the NSs protein.

A better understanding of the detailed events and interactions

that occur during Bunyaviridae genome replication in infected cells

awaits further study.

D. Virus maturation

Maturation of Bunyaviridae members differs from other negative strand
RNA viruses in that the virions are formed by a budding process at the

intracellular smooth membranes of the Golgi (Lyons and Heyduk, 1973;
Murphy et al, 1973). The positive strand RNA viruses corona- and flavi-
viruses similarly bud at intracellular membranes and the corresponding
viral glycoproteins accumulate intracellularly rather than being
transported to the cell surface. Machamer and Rose (1987) showed that
three  hydrophobic membrane-spanning domains of coronavirus El
glycoprotein were required for its retention in the Golgi membrane.
Recombinant vaccinia viruses expressing glycoproteins Gl and G2 of
RVEV, PT, or HIN virus in infected cells have demonstrated that the
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glycoproteins are targetted to the Golgi and this targetting is
independent of other viral proteins or RNA (Wasmoen et al, 1988;
Matsuoka et al, 1988; Pensiero et al, 1988). In addition, the Golgi
signal sequence for RVFV glycoproteins was shown to be encoded within
the Gl and G2 coding sequence as removal of the NSm, the preglycoprotein
region , did not inhibit localisation of the glycoprotein to the Golgi
(Wasmoen et al,1988). Indeed, a recombinant vaccinia virus encoding G2
of PT virus with a hydrophobic sequence from the N-terminal NSm region
of PT virus M segment ORF produced a G2 in infected cells that was
unable to be transported to the Golgi complex, indicating that NSm was
not the Golgi signal sequence (Chen et al, 1991). Expression of the full
length G2 protein on its own in another recombinant vaccinia virus
resulted in the transportation of the G2 protein to the cell surface and
not as expected a localisation in the Golgi. This suggested that
although G2 protein may possess its own Golgi signal sequence it lacks a
Golgi retention sequence, however transportation of G2 to the cell
surface was less efficient than that for VSV-G or influenza HA proteins
(Rose and Doms, 1988). Co-expression of Gl and G2 proteins resulted in
retention of the glycoproteins in the Golgi complex (Chen et al, 1991).
The authors speculated that either Gl possessed the Golgi retention
signal or that the retention signal was generated as a result of non-
covalent interaction between Gl and G2 proteins when they formed hetero-
dimers, Hetero-dimerization of Gl and G2 proteins has been reported to
occur in the ER of Uukuniemi virus infected cells implying a similar
functional interaction (Persson and Pettersson, 1991). Investigation
into the Golgi signal sequence of PT G2 by expression of full length
protein with a 13 amino acid hydrophobic leader sequence or G2 protein
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without a hydrophobic leader Sequence indicated that the hydrophobic
domain preceding G2 was able to function a8 a translocational signal
peptide. In a’ddition a hydrophobic domain near the carboxy terminus of
G2 protein was shown to act as a membrane anchor as a truncated G2
protein lacking this region was secreted from the cell surface into the
culture medium (Chen et al, 1991).

Following retention in the Golgi the glycoproteins accumulate in
the Golgi in increasing concentrations causing vacuolation (Gahmberg et
al, 1986; Kuismanen et al, 1984). Bunyaviridae family members lack an

equivalent to the matrix protein present in most other negative sense
RNA viruses. The matrix protein functions as a bridge between the
nucleocapsid and the glycoproteins (Yoshida et al, 1976). Thus in
Bunyaviridae assembly direct interaction between ribonucleoproteins,
which accumulate on the cytoplasmic side of the Golgi, and the viral
glycoproteins, on the luminal face, during virion assembly is suggested
to occur at the site of virus maturation, and is determined by a
critical level of glycoproteins. Such interactions have been observed by
the electron microscope in SFS phlebovirus infected cells (Smith and
Piffat, 1982). Presumptive glycoprotein transmembrane regions have been
suggested from predicted hydropathic plots of Bunyaviridae glycoproteins

(Schmal john and Patterson, 1990; Smith and Piffat, 1982). Glycoprotein
interaction with xj_ibonucleopro‘tein has been reported in Uukuniemi virus
infected cells treated with tunicamycin, a protein glycosylation
inhibitor, where the glycoproteins were retained in the rough
endoplasmic reticulum but still exhibited interaction (Ruismanen et al,
1984),

After the virus particles are assembled by budding into the Golgi
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cisternae they are released in small vesicles and transported to the
plasma membrane where fusion of the vesicle and plasma membrane result
&their release (Smith and Piffat, 1982). The only known example of direct
budding of the virus from the plasma membrane was reported for RVFV in
infected primary rat hepatocytes, however virus budding into the Golgi
cisternae was also noted to occur in the same cells (Anderson and Smith,

1987).

S



7. Genetics of Bunyaviridae

A. Genome segment reassortment.

The segmented genome of Bunyaviridae family members enables one virus to

potentially reassort segments of its genome with segments from another
virus within the same genus to create reassortant progeny. This can
confer beneficial traits on a progeny reassortant virus, such as
increased or altered host range. Reassortment has been shown to occur in
nature in La Crosse virus (Klimas et al, 1981) and in the Patois group
of bunyaviruses (Ushima et al, 1981), Experimentally virus reassortment
has Dbeen achieved in dually infected mosquitoes (Beaty et al, 1981,
1982, 1985; Shope et al, 1981) and although reassortment in a vertebrate
host has not been demonstrated it has been shown to occur for other
segmented viruses (Beaty and Bishop, 1988) which implies the possibility

of its occurence in Bunyaviridae infected vertebrate cells. Dual

infection in tissue culture has demonstrated that reassortment occurs
between viruses within the same genera but not between genera. Even
within a genus, reassortment can only be shown to occur between viruses
within the same serogroup such as within the California encephalitis
(CE) or the Bunyamwera serogroups of the Bunyavirus genus (Bishop et al,
1980; Gentsch and Bishop, 1976; Gentsch et al, 1977; Gentsch et al,
1979; Ircegbu and Pringle, 1981; Ozden and Hannoun, 1980), but not
between members of different serogroups (Bishop et al, 1984; Elliott et
al, 1984; Iroegbu and Pringle, 1981).

Even within the same serogroup, certain viruses éppear unable to
reassort with other members., This barrier is clearly not due to
geographical isolation as demonstrated by the fact that Maguari virus

(South American) and Bunyamwera virus (African) are able to freely
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reassort whereas Northway and Main Drain, both found in the same area
(North America) remain genetically isolated (Elliott et al, 1984). It
would seem likely that the specificity for recombination may be due to
the virus encoded gene products, given the relatedness of reassortment
groups (Pringle et al, 1984),

Temperature sensitive (ts) mutants have been employed in the
selection of reassortant viruses. The ts mutants were obtained by
mutagenization of wild type virus using >-fluorouracil, 5-azacytidine or
methyl-N;nitr;tguanidine. These ts mutants enable selection of progeny
virus at the restrictive temperature if the two parental viruses possess
mutations in different virus segments. Almost two hundred ts mutants
have been isolated belonging to either the CE or Bunyamwera serogroups
(Elliott, 1990). In addition, ts mutants have also been obtained for UUK
wkuvirus (Gahmberg, 1984). In one case in the Bunyamwera serogroup, a
further restriction on viral reassortment through the linkage of viral L
and S segments which co-segregate in heterogeneous crosses involving
temperature sensitive mutants of Batai Bunyamwera and Maguari
bunyaviruses, whereas the M segment would reassort freely. This linkage
could be overcome when heterologous reassortants were used as parental
viruses (Elliott et al, 1984; Pringle et al, 1984).

Reassortment experiments with ts mutants of CE serogroup viruses
resulted in their being placed in two non-overlapping reassortant groups
vith a ts lesion in either the L segment (group II) or in the M segment
(group I) (Gentsch et al, 1977, 1979; Bishop et al, 1984). The inabil-
ity to obtain bunyavirus mutants with lesions in the S segment has been
Suggested to be due to the coding strategy of this segment: as the N and

NSs proteins are encoded in overlapping reading frames any mutation in
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the overlap region would have a greater likelihood of being lethal to
the virus rather than being a ts mutation (Murphy and Pringle, 1987).
Reassortment experiments with Bunyamwera serogroup ts mutants resulted
in three distinct reassortant groups, presumably representing each of
the three segments. Only one group, group II, has been clearly assigned
to a genome segment i.e. the M segment (Iroegbu and Pringle, 1981),

By reassortment experiments Uukuniemi virus ts mutants were classed
into two reassortant groups, although group assignment to individual
segmentshas not been reported (Gahmberg, 1984).

B. Genome variation and Bunyaviridae evolution

Two possible means by which Bunyaviridae evolve are by RNA segment

reassortment, discussed in the above section, and by genetic drift. The
process of genetic drift involves the accumulation of point mutations,
and possibly sequence deletions, duplications and inversions (Beaty and
Bishop, 1988). Indeed, the spontaneous mutation rate of SSH virus has
been proposed to be as high as 1-2% (Bishop and Shope, 1979), and
evidence indicates that this genomic plasticity may also apply to
another member of the same serogroup, the LAC virus. Several field
isolates of LAC virus were.obtained from various geographical locations
and these were subjected to genomic analysis by oligonucleotide
fingerprinting. Analysis revealed that each of the isolates possessed
individually distinguishable genome profiles (E1 Said et al, 1979;
Klimas et al, 1981). In contrast the stabiity of the Bunyaviridae

genomes has also been demonstrated. The genomes of two isolates of LAC
virus obtained 18 years apart, from brain tissues of fatally infected
Individuals, possessed very similar oligomucleotide fingerprints (Bishop
and Shope, 1979). In addition, no genomic changes were detected during
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transovarial passage of LAC virus through two generations of mosquitoes,
nor in the LAC virus isolates from suckling mice that had been infected
by second generation transovarially infected mosquitoes (Baldridge et
al, 1989).

Bilsel et al (1988) reported that Toscana phlebovirus, serially
passaged by transovarial transmission over a period of two years and
through twelve generations of the natural sandfly host, underwent no
detectable genomic change. Conversely, Tesh and Gubler (1975) have
demonstrated the presence of small plaque variants in the population of
transovarially passaged LAC virus, indicating a heterogeneous virus
population. Furthermore, Sundin et al (1987) were able to isolate a LAC
virus variant by use of monoclonal antibodies in tissue culture. This
mutant exhibited decreased cell fusion ability, loss of mouse neuro-
invasiveness and decreased infectj;(vig ii:x mosquitoes, implying thatTITAC
virus genome is able to respond; t; slg.ective pressure. The virus was
able to revert back to wild type phenotype following recovery from an
infected mosquito and passage in BHK-21 cells. The definitive effects on
genome stability and selection of viral variants during transovarial and
venereal transmission in invertebrate hosts and viral passage between
the invertebrate and vertebrate hosts await further study.

8. Defective interfering particles

As with other animal viruses high multiplicity passage of
Bunyaviridae in mammalian cells has been reported to produce defective
Interfering (DI) particles (Kacscak and Lyons, 1978; Cunningham and
Szilagyi, 1987; Verani et al,1984). Based on studies of better
defined DI particles such as those of vesicular stomatitis virus,

Vs, (Holland, 1990) it is suggested that Bunyaviridae DI particles
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contain only a portion of the parental virus genome. The DI particles

therefore require co-infection with competent homologous helper virus

to replicate in a host cell. In such an infection the helper virus

replication is greatly supressed by a process termed autointerference.
In comparison with reports of DI particles of VSV » Sendai and

influenza viruses there are few reports of Bunyaviridae DI particles.

Kascsak and Lyons (1978) observed a species of Bunyamwera DI particle
which co-sedimented with the S RNA segment of the wild type virus 3
whereas Cunningham and Szilagyi (1987) detected truncated L RNA genome
subunits in the cytoplasm of GER virus infected BHK-21 cells. Mammalian
cells persistently infected by Dugbe nairovirus (David-West and
Potterfleld 1974) or Toscana phlebov1rus (Verani et al, 1984) suggest
the involvement of DI particles but 4have not been directly demonstrated.
Persistently infected C6/36 mosquito cells produced auto-interfering
particles containing an intact § segment but devoid of L and M RNAs
(Elliott and Wilkie, 1986). More recently Scallan and Elliott (1992)
reported the presence of subgenomic RNAs derived from the I, RNA in BUN
virus persistently infected C6/36 cells. These shorter RNAs were unable
to be packaged into nuc;leocapsids. Patel and Elliott (1992) reported the
isolation of DI particles from BUN virus infected mouse L cells. These
particles were found to contain defective L RNAs, which unlike those
reported by Scallan and Elliott (1992), were able to be efficiently
Packaged into the virion, Analysis of the DI RNAs from the DI particles
feported by Patel and Elliott (1992) revealed that they had a single
internal deletion of between 72% to 77% of the L segment but retained

the 5' and 3' terminal sequences. These results indicate that the



inability of defective L RNAs in persistently infected C6/36 cells,
identified by Scallan and Elliott (1992), to be packaged into
nucleocapsids may be because these RNAs do not possess the necessary
terminal sequence(s). Resende et al (1991) have shown that TSWV

supports the replication of DI RNAs formed during the serial passage of

the virus at high multiplicity in Nicotiana rustica plants., Further
characterisation of DI RNAs from four isolates revealed that they were
all derivatives of the I, RNA segment and that 5' and 3' termini were
retained but approximately 60% to 80% of the I RNA segment was missing
in a single internal deletion (Resende et al, 1992), as similarly
reported for BUN DI L RNA by Patel and Elliott (1992). Resende et al
(1992) proposed that DI RNA generation is accomplished by the viral
polymerase 'jumping' across the internal sequence from one secondary
structure to another containing the repeated Sequences, during the
process of replication of the viral complementary strand. This mechanism
of detachment and reinitiation of synthesis at a specific signal on
the same molecule has been proposed to explain the generation of DI
molecules in a number of viral systems (Lazzarini et al, 1981).

The formation of DI particles would seem common to all
Bunyaviridae, but the process by which DI particles are formed and the
role of Bunyaviridae DI particles in the natural infection cycle are at

present unknown and await further investigation.
9. Persistent Bunyaviridae infection

In contrast to infection of mammalian cells, infection of mosquito cell

Cultures by arthropod-borne members of the Bunyaviridae family causes

little cellular cytopathic effect and an asymptomatic persistent

infection is readily established (Newton et al, 1981). A number of
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Bunyamwera, LAC and Marituba bunyaviruses and Toscana phlebovirus
(Carvalho et al, 1986; Elliott and Wilkie, 1986; Newton et al, 1981;
Nicoletti and Verani, 1985; Rossier et al, 1988). These persistently
infected (PI) cells are resistant to superinfection by homologous virus
which implies that part or all of the genome is expressed in the PI cell
(Newton et al, 1981 ; Elliott and Wilkie, 1986). Indeed, a small
percentage of the PI cells continue to shed virus (Elliott and Wilkie,
1986; Newton et al, 1981). A comparative study of Bunyamwera virus
infected mammalian and mosquito cells (incubated at 37°C and 26°C
respectively) carried out by Newton et al (1981) revealed a high level
of synthesis and accumulation of viral proteins in BHK cells which was
sustained until 30 hours Post infection (hpi) when the first signs of
cytopathic effect were visible. In contrast viral protein synthesis in
mosquito cells was low and was reduced to barely detectable levels

by 30 hpi. The authors suggested that the outcome of infection in
cultured cells is determined by the rate of "synthesis, clearance and
accumulation" of virus-coded proteins such that if the rate of synthesis
and accumulation is high and clearance low then Cytopathic effect will
result, In contrast Raju and Kolakofsky (1988) have attributed the cause
of cytopathic effect in mammalian cells to a general virus-induced mRNA
instability,

Rossier et al (1988) carried out a detailed study of LAC bunyavirus
infection of BHK and mosquito cells under identical conditions of cell
Srowth and temperature (33°C). It was found that even under identical
conditions virus specific proteins and RNA accumilated more slowly in
Mosquito cells, Maximum levels of mRNA and full length genomic RNA
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synthesis were obtained in BHK cells by 6 hpi and cytopathic effect
became visible at 14 hpi. The maximum levels in mosquito cells were not
reached until 24 hpi and the concentration of virus specific proteins
and RNAs in mosquito cells at this point was equivalent to, and
exceeded, that in BHK cells. The mosquito cells then progressed from

an acute phase of infection to establishment of persistent infection
(post 24 hour) characterised by a reduction in virus N protein

synthesis and virus replication. Curiously, the decline of N protein
synthesis was not related to a change in the S mRNA level which remained
almost unaltered and implied that a form of translational control was in
operation (Rossier et al, 1988).

Hacker et al (1989) postulated that beyond a certain threshold
level of N protein concentration, the protein interacted with its own
(S) mRNA which would inhibit mRNA translation and production of more N
protein, This would in turn reduce the level of available N protein and
therefore reduce virus replication. Replication of VSV and Sendai virus
in BHK cells has been shown to be influenced by the level of their
nucleocapsid proteins (Raju and Kolakofsky, 1987). In order to prove
this hypothesis Hacker et al (1989) investigated the levels of
encapsidated mRNA in infected mosquito cells during infection. At
12 hpi less than 10% viral mRNA was encapsidated, whereas between
24-48 hpi 75% of viral mRNA was assembled with N protein. Encapsidation
vas found to be specific for virus mRNA, which could not be translated
In vitro (Hacker et al, 1989). It is, however, unlikely that the down
regulation of virus replication is due simply to the level of
‘nassembled N protein as its pool increases with time and N protein is
highl}' Specific for genome and antigenomes, and viral mRNAs are only a
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secondary target. Hacker et al (1989) therefore suggested that the down
regulation of genome replication may be due to some factor directly
affecting the polymerase, since the polymerase is expressed at low
levels in mosquito cells and would therefore be a suitable target to
control by modification. This factor was suggested to inhibit the
polymerase replicase activity, which would impede genome and antigenome
synthesis but not viral mRNA synthesis. The transcriptase products would
in turn be down regulated by the increasing levels of unassembled N
protein, resulting in the reduced levels of viral products seen after

24 hpi which would establish persistent infection. This hypothesis
awaits further investigation.

10. Specificity of protein-RNA interactions

This project is partially concerned with the study of interaction
between bunyavirus nucleocapsid protein and the S RNA genome segment,
Therefore a general review of protein-RNA interactions is presented in
this section as an introduction to this area of study.

Nucleic acid binding proteins can be catefgorised into DNA and RNA
binding proteins. The DNA binding proteins have been studied in great
detail, In general they all interact with B-form DNA in a sequence
specific mammer and recognition of specific sites is through small
discrete binding domains. On the basis of common primary sequence and
Proposed three dimensional structures these DNA binding domains can be
sub-classified into: helix turn helix mo?if; zinc finger binding motif;
leucine zipper protein dimerisation and binding motif; B-ribbon
fecognition element; helix-loop-helix structure (Harrison, 1991).

These protein domains all fold such that they present a protruding

Surface/structure that enables sequence specific contact with base pairs
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predominantly in the major groove of B-form DNA,

In comparison with DNA binding studies our knowledge of RNA binding is
poor. Undoubtedly RNA binding studies are complicated by the structural
versatilit:y of RNA molecules which are able to form both single stranded

1 double stranded structures. The determinants of RNA binding specificity
are therefore more likely to include the three dimensional RNA structure
as well as the primary RNA sequence. In this respect RNA-protein
interaction is more analogous to protein-protein binding than protein-
DNA binding. RNA primary and tertiary structures that enable specificity
of interaction have been identified in some RNA binding studies.
Similarly some protein domains that enable selective RNA binding have
been identified. However only in very few situations have both RNA and
protein binding structures been fully understood eg ™MV capsid structure
(Namba et al, 1989)

A. RNA binding protein motifs

(i) The RNA recognition motif

The best characterised RNA binding motif consists of approximately 80
amino acids. Initially called the RNA binding domain (Dreyfuss, et al,
1988) it was later named the RNA recognition motif, RRM (Query et al,
1989). The RRM contains two elements: a highly conserved ribonucleo-
protein consensus sequence of 8 amino acids (RNP 1); and a less well
conserved sequence of 6 amino acids (RNP2) (Nagai et al, 1990; Query et
al, 1989). The RRM was initially identified in yeast poly (A) binding
Protein which contains four copies of this structural motif (Sachs et
al, 1986). The RRM has subsequently been found in several prokaryote
and eukaryote proteins that bind single stranded nucleic acid including:

Mucleolin; heterogenous nuclear RNP proteins; rho protein; E.coli
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protein T4 gp 32; Drosophila genes Sxl, Tra and elav; and components of
and U2 snRNPs (Query et al, 1989). It has been demonstrated that a
olypeptide slightly larger than the RRM motif is sufficient for RNA
inding activity (Scherly et al, 1990a), whereas deletion analysis

Although the RRM is recognised as the hallmark of an RNA binding
rotein it has been difficult to provide a consensus model for RNA
inding by this motif especially since it is extremely flexible in that
it enables recognition of a variety of RNA structures. Thus while rho
rotein is thought to bind C-rich unstructured RNA, Ul 70K and A
roteins of Ul snRNP bind specifically to stem loop structures, and

ly (A) binding protein recognises a stretch of adenosines. Secondary

SnRNP A protein revealed a similar structure to the model (Nagai et

1, 1990). The conserved consggus sequences RNP1 and RNP2 were found to

ysine and arginine residues are crucial for binding to the phosphate
ackbone of DNA molecules (Harrison and Aggarwal, 1990). A similar role

S Suggested for these basic loops in the RRM, such that they act as
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basic jaws that enable binding or gripping of the RNA. Additionally site
directed mutagenesis has demonstrated that the specificty of interaction
with the target RNA bases is obtained by these loops through interaction
with serine residues (Nagai et al, 1990). The site of RNA interaction
takes place at a stem loop structure of comparable size with the RRM
domain ( stem loop II of Ul snRNA). Specific recognition of the RNA by
protein A occurs on the ten nucleotide loop structure. Alteration of the
amino acid sequence emphasised the importance of specifically positioned
cytosine residues in order to maintain specificty of the interaction.
These cytosines are believed to hydrogen bond with protein A serine
residues located on the RNA binding loops (Nagai et al, 1990).

Although polypeptides no larger than the RRM are able to bind
specifically to RNA (Query et al, 1989; Scherly et al, 1990a) external
influences are able to affect the specificty of binding by this motif.
The RRM protein U2B", a component of U2 snRNP, binds specifically to
stem loop IV of U2 snRNA. In contrast to Ul A protein however U2B"
requires a second protein, U2A', with which it dimerises to enable
specific binding to the target RNA (Scherly et al, 1990a). In the
absence of U2A', U2B" binds non specifically and displays equal affinity
for stem loop structures in Ul, U2 and U6 RNA. The U2A' protein does not
contain a RRM but specifically interacts with the RRM of U2B" protein
causing specific conformational changes that enable U2B" to interact
specifically with target RNA (Scherly et al, 1990b).

(1i) The arginine rich RNA binding motif

A separate class of sequence specific RNA binding proteins has been
identified. These proteins although lacking a RRM posses an arginine
rich motif of 6 to 8 basic amino acids usually flanked by non basic
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polar and charged amino acids. This motif was first identified in AN
protein (Lanzinski et al, 1989) and has been identified in a number of
other RNA binding proteins including HIV proteins Tat and Rev; ribosomal
and snRNP core proteins; and RNA virus coat proteins (Figure 10).

The best studied example of this class of binding protein is Tat.
Synthetic peptides of 24 and 12 amino acids in length bearing the Tat
arginine rich region were able to bind specifically to Tat RNA (Weeks et
al, 1990; Subramanian et al, 1990). However a slight loss in specificty
was obtained as peptides would bind to both positive and minus sense
target RNA (Heaphy et al, 1991). This implied that other regions outside
the arginine-rich motif were implicated in selective RNA binding.
Further evidence for this suggestion was obtained when the arginine-rich
region of Tat protein was substituted for a similar region in Rev
protein. Although both Tat and Rev proteins have distinct target RNAs
the hybrld Tat-Rev' protein bound to Tat target RNA with normal binding
actlvry (Subramanian et al, 1990). A dependence on domains outside the
the arginine-rich motif for comple<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>