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SUMMARY

Bunyamwera virus is the prototype of both the
Bunyavirus genus ‘and the Bunyaviridae family, which
comprises more than 300 viruses. The virus possesses a
negative stranded RNA genome of three segments designated
Large (L), Middle (M) and Small (S). The M segment codes
for the two virion glycoproteins, G1 and G2, and a non-
structural polyprotein, termed NSm. The mature gene
products are derived from a polyprotein precursor which is
probably cotranslationally cleaved as it has not been
detected in virus-infected cells. Genetic studies have
indicated that the M segment dgene products are involved in
many of important biological attributes of the virus,
including determinants of virulence, neutralisation and
haemagglutination. The M segment RNA of bunyaviruses has a
different gene organisation from those of Phlebovirus genus
in having NSm in the middle of the precursor, whereas some
members of the Phlebovirus genus have NSm at the beginning
of the precursor. The Uukuniemi group of phleboviruses and
members of the Hantavirus genus have no NSm. A common
feature among members of the Bunyaviridae is maturation at
the smooth surfaced membranes of the Golgi complex. The
glycoproteins encoded by the M segment RNA are thought to be
the main determinants of this feature. It was therefore of
interest to express the Bunyamwera virus M RNA segment in
order to study the biogenesis of the glycoproteins and NSm,
and with the long-term view of studying and targetting of
these proteins to the Golgi.

The overall aims of this work were to express the M RNA
segment of Bunyamwera virus from a cloned cDNA; to determine
the cellular residence of NSm; and to investigate the
transport of the proteins from the endoplasmic reticulum to
the Golgi complex. No immunological reagents specific for
NSm were available, and two approaches were utilized in the
production of specific antisera to NSm. One involved
synthesis of fusion proteins with B-galactosidase using the



pUEX3 vector system, and the second synthesis of branching
peptides to selected sequences of NSm. Rabbits were
immunized separately with these immunogens and the antisera
characterised by enzyme-linked immunosorbent assays and
radioimmunoprecipitations. Antisera to fusion proteins
failed to recognise NSm in immunoprecipitations. However,
immune sera raised against the branching peptides recognised
NSm specifically in Bunyamwera virus-infected «cells by

radioimmunoprecipitation.

The antipeptide sera were wused in indirect
immunofluorescence experiments to determine that NSm
localized to the Golgi complex in virus-infected cells; this
was confirmed by dual staining with rhodamine conjugated
wheat germ agglutinin which predominantly stains the Golgi

complex.

For imn vitro translation of mRNA synthesized from
Bunyamwera virus cDNA, the full 1length c¢DNA was cloned in
the pT7T3 transcription vector under the control of the T3
RNA promoter. Full length and various truncated transcripts
were made using T3 RNA polymerase. Attempts to express the
transcripts 1in vitro were unsuccessful in both rabbit
reticulocyte lysate and in wheat germ cell free translation
systems. However, a transcript representing nucleotides
1352 to 4001 of the M segment mRNA, with an internal
in-frame AUG at nucleotides 1430-1432, was translated
in vitro in the rabbit reticulocyte lysate system to yield a
90K protein which was immunoprecipitated by antivirus serum.
These experiments suggested that sequences at the 5' end of
the M segment mRNA inhibited translation in vitro.

Since translation in vitro appeared to be unsuitable in
the study of the biogenesis of the M RNA gene products,
attempts were made to express the proteins using recombinant
vaccinia viruses. The cDNA was cloned in the vaccinia virus
transfer vector VvTF7-5 under control of the T7 promoter.

Recombinant viruses were obtained, as demonstrated by dot



blot and Southern blot analyses, and one designated
recBUN M. In cells dually infected with recBUN M and
vTF7-3, a recombinant vaccinia virus, which expresses T7 RNA
polymerase, Gl, G2 and NSm were synthesised. These proteins
were demonstrated to be antigenically authentic by
immunoprecipitation reactions with anti-BUN serum, which
recognises both Gl and G2, and the antipeptide

serum to NSm.

Plasmids containing full 1length M segment c¢cDNA and
fragments representing Gl {nucleotides 1352-4458), G2
(nucleotides 1-941) and NSm (nucleotides 963-1466) under the
control of the bacteriophage T7 RNA promoter were made. The
genes were transiently expressed by transfecting plasmid DNA
into cells infected with vVvTF7-3. The Gl glycoprotein was
detected in cells transfected with pT7T318UBUNM and was
precipitated with virus antiserum. Cells transfected with
pT7T318U/G1 also synthesised G1, which co-migrated with G1
made by the virus, and was also immunoprecipitated by
antivirion serum. The G2 glycoprotein was synthesised in
cells transfected with pTF7-5/G2 and detected by
immunofluorescence with anti-virion serum. NSm was also
synthesised and detected by immunofluorescence using
branched antipeptide sera to NSm. Studies on glycosylation
of G1 wusing tunicamycin (an inhibitor of glycosylation)
revealed that the glycoprotein was properly glycosylated
when synthesised in dual vaccinia virus infected cells, and
also when transiently expressed.

Immunofluorescence studies of cells dually infected
with the recombinant vaccinia virus demonstrated that G1, G2
and NSm localised to the Golgi complex. When transiently
expressed individually, G2 and NSm were localised to the
Golgi complex. Gl on its own however remained 1in the
endoplasmic reticulum. When G2 was co-expressed with G1,
both transported to the Golgi complex. Some Gl was
expressed on the cell surface, but no G2 was detectable on

the surface.



This is the first report about the expression of the
middle RNA genome segment for any member of the Bunyavirus
genus, and provides the basis for study of the very actively

researched area of intracellular protein transport.
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Virus Abbreviations
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Rift Valley Fever
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tomato spotted wilt
vesicular stomatitis virus

Uukuniemi

Amino Acid Symbols
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INTRODUCTION

BUNYAVIRIDAE

Taxonomy and classification

Bunyaviruses belong to the family Bunyaviridae, and
form the largest and most diverse grouping of arthropod-
borne viruses. They also form the largest family of RNA
viruses and include about 350 distinguishable viral
serotypes, subtypes and varieties (Bishop, 1990; Gonzalez-
Scarano and Nathanson, 1990; Schmaljohn and Patterson, 1990;
Elliott, 1990; Bouloy, 1991). The number of confirmed or
putative members of the family Bunyaviridae continues to
increase (Pringle, 1991). The assignment of viruses to the
family was made primarily because of their structural
features, 1including a trisegmented genome of negative
polarity and a similar protein-coding pattern within each
genome segment. Many viruses of the family are transmitted
by arthropods and can replicate in both vertebrates and
invertebrates (Bouloy, 1991). However, it has recently been
demonstrated that members of the family do not exclusively
infect and replicate in invertebrates and vertebrates but
can infect and grow in plants, as exemplified by the tomato
spotted wilt virus, TSW (Milne and Francki, 1984; de Haan
et al, 1989, 1990).

Currently five genera within the family have been
defined. They are:

Bunyavirus genus - Prototype: Bunyamwera (BUN) virus

Phlebovirus genus - Prototype: Sandfly fever Sicilian (SFS)
virus

Nairovirus genus - Prototype: Crimean-Congo haemorrhagic
fever (CCHF) virus

Hantavirus genus - Prototype: Hantaan (HTN) virus

Tospovirus genus - Prototype: Tomato spotted wilt (TSW)

virus



The distinctive features of the viruses in the family
Bunyaviridae as defined by Bishop and Shope (1979) and
Pringle (1991) are the following:

1 Tripartite structure of the genome and the negative
sense of the linear single-stranded virion RNA.

2 Subdivision of the family predominantly on the basis of
coding strategy into five distinct genera which embrace
subgeneric groupings of viruses with varying degrees of
serological relationships.

3 Ambisense encoding of a putative non-structural protein
gene 1in the S genome segment in viruses of the
Phlebovirus and Tospovirus dgenera. This was also
observed in the former Uukuvirus genus which now has
been amalgamated with the Phlebovirus denus to become

the Phlebovirus genus.

4 Enveloped pleiomorphic particles with four virus-
specified proteins: the putative polymerase protein (L),
cysteine rich precursor derived envelope glycoproteins
(Gl and G2, plus G3 1in the WNairovirus genus), and the
nucleoprotein (N).

5 Three circular nucleocapsids, comprising in viruses of
the Bunyavirus genus about 2100 molecules of N and 25
molecules oﬁ-L per particle, all enveloped by a lipid
envelope containing approximately 600 molecules of

glycoproteins G1 and G2.
6 Absence of a matrix protein.

7 Maturation by budding from membranes of the Golgi

apparatus.



8 Close association with specific vertebrate hosts and
specific arthropod vectors, with the exception of the
tospoviruses, which are transmitted by thrips, and the
hantaviruses which do not seem to be arthropod-borne.

9 Temporal separation of internal and envelope protein

synthesis.

10 Priming of mRNA synthesis by a cap transfer mechanism
analogous to that of influenza virus, except that it
occurs in the cytoplasm, and absence of

3'-polyadenylation of mRNA.

11 Insensitivity to actinomycin-D and alpha-amanitin, and
variable dependence on the presence of an intact
functional nucleus.

12 Limitation of gene exchange to reassortment of genome
subunits between closely related viruses within

serogroups.

Classification and serological relationships

Serological tests have been the main instruments used
to study antigenic variance and relatedness of the more than
300 members of the Bunyaviridae family (Karabatsos, 1985).
Classification of these viruses into genera and serogroups
has most commonly been established by use of complement
fixation, haemagglutination inhibition, indirect
immunofluorescent antibody and various forms of
neutralization tests in mice and cell cultures (Hunt and
Calisher, 1979; Bishop, 1985a).

A member of a given serogroup is neutralized by
homologous antisera and with varying degrees by heterologous
antisera specific to other members of the serogroup.
Usually members of one serogroup are not neutralized by

antisera raised against members of another serogroup



(Bishop, 1985a). Viruses within a given serogroup that are
easily distinguished by serological tests are referred to as
types. Those that are only slightly different by standard
serological assays are subtypes and those that show very
slight but significant, repeatable cross-reactions are
varieties or, if hardly distinguishable, strains (Calisher,
1983; Shope, 1985). Haemagglutination and neutralization
assays detect epitopes on the viral glycoproteins whereas
complement fixation antibodies are directed to the
nucleocapsid proteins (Shope, 1985; Bishop, and Beaty,
1988). Complement fixation assays have been used to place
viruses into serogroups while haemagglutination and
neutralization tests have been used to divide members of the
serogroups further into types and subtypes. This
observation does not hold for members of the Phlebovirus
genus because of the 1lesser conservation of the N protein
than the glycoproteins G1 and G2 (Shope, 1985; Pifat et al,
1988) and probably Tospovirus genus (Law and Moyer, 1990).

The separation of viruses into dfferent genera by use
of immunological techniques has also been supported by the
more powerful genome sequence comparisons (Clerx-van-Haaster
et al, 1982; Eshita and Bishop, 1984; 1Ihara et al, 1985;
Collett et al, 1985; Lees et al, 1986; Schmaljohn et al,
1987; Ronnholm and Pettersson, 1987; Grady et al, 1987;
Kakach et al, 1988; Pardigon et al, 1988; Simons, 1990).
Such sequence comparisons, replication strategies and
protein homologies of the N and NS of phleboviruses and
uukuviruses showed genetic relatedness and led to the merger
of the previously different genera (Simons et al, 1990). It
is also hoped that use of monoclonal antibodies will greatly
help in sorting out the many inconsistencies and errors
based on conventional serology (Kingsford, 1991).

Classification of viruses in the Bunyaviridae family
has been no small matter considering the number of viruses
involved. Classification into genera seems reasonable for

the most part but, when it comes to determining serogroups,



complexes, virus species, subtypes, variants, varieties and
strains, it is very difficult in many instances to know
whether the term used to describe a given isolate is indeed
correct (Calisher et al, 1988c, Calisher, 1988). The
current classification of members and candidate members of
the family Bunyaviridae is 1listed below (Francki et al,
1991). Possible members of the family have been considered
on the basis of morphologic (electron microscopy) studies
(Beaty and Calisher, 1991).

Unassigned viruses: For these viruses, apart from data from

electron microscopy, no studies have been reported on the
structure and replication of the viruses and no serologic
relationship has been demonstrated between these candidate
members and any of the recognised members of the family
(Bishop, 1990).

The list of members of the family Bunyaviridae, as
reported by the International Committee on Taxonomy of

Viruses, 1991, is as follows:

Bunyavirus genus

ANOPHELES A GROUP: Anopheles A, Las Maloyas, Lukuni,
Tacaiuma, Trombetas, Virgin River, CoAr3624, CoArl071,
CoAr3627, ColAnb57389, SpAr2317, H32580.

ANOPHELES B GROUP: Anopheles B, Boraceia.

BAKAU GROUP: Bakau, Ketapang, Nola, Tanjong Rabok, Telok
Forest.

BUNYAMWERA GROUP: Anhembi, Batai, Birao, Bozo, Bunyamwera,
Cache Valley, Fort Sherman, Germiston, Guaroa, Iaco,
Ilesha, Kairi, Lokern, Macaua, Maguari, Main Drain,
Mboke, Ngari, Northway, Playas, Santa Rosa, Shokwe,
Sororoca, Taiassui, Tansaw, Tlacotalpan, Tucunduba,
Wyeomyia, Xingu, AG83-1746, BeAr328208, CbaAr426.

BWAMBA GROUP: Bwamba, Pongola.



C GROUP: Apeu, Bruconha, Caraparu, Gumbo Limbo, Itaqui,
Madrid, Marituba, Murutucu, Nepuyo, Oriboca, Ossa,
Restan, Vinces, 63Ul1l.

CALIFORNIA GROUP: California encephalitis, Inkoo, Jamestown
Canyon, Keystone, La Crosse, Melao, San Angelo, Serra do
Navio, snowshoe hare, South River, Tahyna, trivittatus,
AG83-497.

CAPIM GROUP: Acara, Benevides, Benfica, Bushbush, Capim,
Guajara, Juan Diaz, Moriche, GU71u344, GU71u350.

GAMBOA GROUP: Alajuela, Brus Laguna, Gamboa, Pueblo Viejo,
San Juan, 75V-2621, 78V-2441, 75V-2374.

GUAMA GROUP: Ananindeua, Bertioga, Bimiti, Cananeia, Catu,
Guama, Guaratuba, Itimirim, Mahogany Hammock, Mirim,
Moju, Timboteua.

KOONGOL GROUP: Koongol, Wongal.

MINATITLAN GROUP: Minatitlan, Palestina.

NYANDO GROUP: Nyando, Eret-147.

OLIFANTSVLEI GROUP: Bobia, Botambi, Olifantsvei, Oubi,
Dabakala.

PATOIS GROUP: Abras, Babahoyo, Estero Real, Pahayokee,
Patois, Shark River, Zegla.

SIMBU GROUP: Aino, Akabane, Buttonwillow, Douglas, Facey's
Paddock, Ingwavuma, Inini, Kaikalur, Manzanilla, Mermet,
Oropouche, Para, Peaton, Sabo, Sango, Sathuperi,
Shamonda, Shuni, Simbu, Thimiri, Tinaroo, Utinga, Utive,
YABA-7.

TETE GROUP: Bahig, Batama, Matruh, Tete, Tsuruse.

TURLOCK GROUP: Lednice, Turlock, Umbre, Yaba-1.

UNGROUPED VIRUSES: Kaeng Khoi, Leanyer, Mojui dos Campos,
Termeil.

Hantavirus genus

HANTAAN GROUP: Hantaan, Leaky, Seoul, Prospect Hill,
Puumala, Thottapalayam.



Nairovirus genus

CRIMEAN-CONGO HAEMORRHAGIC FEVER GROUP: Crimean-Congo
haemorrhagic fever, Hazara, Khasan.

DERA GHAZI KHAN GROUP: Abu Hammad, Abu Mina, Dera Ghazi
Khan, Kao Shuan, Pathum Thani, Pretoria.

HUGHES GROUP: Farallon, Fraser Point, Great Saltee, Hughes,
Puffin Island, Punta Salinas, Raza, Sapphire II, Soldado
Zirqga.

NAIROBI SHEEP DISEASE GROUP: Dugbe, Nairobi sheep disease.

QALYUB GROUP: Bandia, Omo, Qalyub.

SAKHALIN GROUP: Avalon, Clo Mor, Kachemak Bay, Paramushir,
Sakhalin, Taggert, Tillmook.

THIAFORA GROUP: Evre, Thiafora.

Phlebovirus genus

SANDFLY FEVER GROUP: Sandfly fever Naples complex,
Karimabad, Sandfly fever Naples, Tehran, Toscana; Bajaru
complex: Bujaru, Munguba; Candiru complex: Alenquer,
Candiru, Itaituba, Nique, Oriximina, Turuna; Chillibre
complex: Cacao, Chillibre; Frijoles complex: Frijoles,
Joa; Punta Toro complex: Buenaventura, Punta Toro; Rift
Valley fever complex: Belterra, Icoaraci, Rift Valley
fever; Salehebad complex: Arbia, Salehabad; No complex
assigned: Aguacate, Anhanga, Arboledas, Arumowot,
Caimito, Chagres, Corfou, Gabek Forest, Gordil,
Itaporanga, Odrenisrou, Pacui, Rio Grande, Saint-Floris,’
Sandfly fever Sicillian, Urucuri.

UUKUNIEMI GROUP: Grand Arbaud, Manawa, Murre, Oceanside,
Ponteves, Precarious Point, St. Abbs Head, Uukuniemi,
Zialiv, Terpeniya, EgAnl825-61, Fin V-707, RML 105355.

Other possible members of the family Bunyaviridae

BHANJA GROUP: Bhanja, Forecariah, Kismayo.
KAISODI GROUP: Kaisodi, Lanjan, Silverwater.
MAPPUTTA GROUP: Gan Gan, Mapputta, Maprik, Trubanaman.



OKALO GROUP:; Okola, Tanga.

RESISTENCIA GROUP: Antequera, barranqueras, Resistencia.

UPOLU GROUP: Aransas Bay, Upolu.

YOGUE GROUP: Yogue, Kasokero.

UNGROUPED VIRUSES: Bangui, Batken, Belem, Belmont, Bobaya,
Caddo Canyon, Chim, Enseada, Issyk-Kul (Keterah),
Kowanyama, Lone Star, Pacora, Razdan, Salanga, Santarem,
Sunday Canyon, Tai, Tamdy, Tataguine, Wanowrie,

Witwatersrand, Yacaaba.



VIRUS PARTICLE

Morphology

Viruses of the family Bunyaviridae show similar
morphological features (Horzinek, 1975; Murphy et al, 1968,
1973; Pettersson and Von Bonsdorff, 1987). Classical
negative staining showed particle pleiomorphism (Obijeski
et al, 1976a). However, recent technology involving use of
electron cryomicroscopy showed uniform spherical shapes for
La Crosse virus ranging from 75 nm to 115 nm in diameter
(Talmon et al, 1987). This method also preserved structural
details of the virion in its native state and revealed
10 nm-long regular spikes and a 4 nm-thick bilayer
structure.

Composition

The chemical composition for - members of the
Bunyaviridae has not been determined except for a member of
the Phlebovirus genus, Uukuniemi virus (UUK). UUK particles
were found to consist of 7% carbohydrate, 33% lipid, 58%
protein and 2% RNA (Pettersson, 1975).

The virion particles of the family are composed of
nucleocapsids containing three different RNA species,
designated Large (L), Middle (M) and Small (S), in
association with the nucleocapsid protein (N) and the virion
polymerase (L). The nucloecapsids are packaged inside a
lipid envelope during budding which occurs at the internal
cellular membranes of the Golgi apparatus (Lyons and Heyduk,
1973; Murphy et al, 1973; Kuismanen et al, 1982; Smith and .
Pifat, 1982; Booth et al, 1991). In addition, all
Bunyaviridae have two glycoproteins designated Gl and G2
except in some nairoviruses which may have three
glycoproteins (Foulke et al, 1981; Watret and Elliott,
1985). For some nairoviruses a Gl protein has not been
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detected and the G2 has only been detected for members of
the Qalyub and CCHF serogroups (Clerx et al, 1981; Booth
et al, 1991).

Sedimentation coefficients and buovant densities

Sedimentation coefficients (Sz0,w) for various members
of the family have been reported: BUN (Kascsak and Lyons,
1977), CCHF (Donets and Chumakov, 1975), RVF (Polson and
Levitt, 1963), UUK (Pettersson et al, 1971), TSW (Joubert
et al, 1974). The reported sedimentation coefficient values
range from 35058 to 500S (Francki et al, 1991).

Buoyant densities range from 1.17 to 1.19g/cm® and such
buoyant densities were shown for BUN (Kascsak and Lyons,
1977), California encephalitis virus (Goldman et al, 1977;
White, 1975), CCHF (Chumakov and Donets, 1975), UUK (von
Bonsdorff and Pettersson, 1975). The average buoyant
density in caesium chloride is 1.2g/cm® (Obijeski and
Murphy, 1977).
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GENOME STRUCTURE AND ORGANISATION

Sizes of the genome RNA segments

Sizes of the genomic RNA segments were determined from
the electrophoretic mobilities of the RNA in agarose or
polyacrylamide gels or for some segments, by nucleotide
sequence determinations of cloned c¢DNA (Elliott et al,
1991). The pattern of RNA segment size is distinctive for
bunvaviruses, nairoviruses, and tospoviruses. There is less
difference between the pattern of RNAs of hantaviruses and
phleboviruses. The sizes of RNA segments for each genus of
the Bunyaviridae are presented in Table 1.1.

The 3' and 5' RNA sequences

When observed under the electron microscope, the
nucleocapsids of members of Bunyaviridae were seen to form
circular structures (Pettersson and von Bonsdorff, 1975;
Sarnso et al, 1975; Obijeski et al, 1976b) . This
observation is explained by the complementarity of the 3°
and the 5' termini of the RNA segments which accounts for
the formation of circular and/or panhandle forms of the RNAs
seen by the electron microscope (Bouloy et al, 1973, 1974;
Samso et al, 1976; Hewlett et al, 1977; Pardigon et al,
1982). The terminal 11 bases of the three BUN RNAs are
conserved and complementary except for positions 9 and -9
and the following 20 or so bases show segment specific
complementarity (Elliott, 1990). These are shown in
Fig 1.1. The mismatch at positions 9 and -9 is found in all
bunyavirus RNAs sequenced. However, this mismatch has not
been observed in the complementary sequence termini of the
phlebovirus M and S segments nor the hantavirus M and S
segments, although a mismatch in positions 12 and -12 was
repoted for Hantan virus M 1in the terminal 18 complementary
nucleotides (Yoo and Kang, 1987a).
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Figqure 1.1 Complementary sequences and possible base-paired

structures between the 3' and 5' termini of Bunyamwera virus
genomic RNA segments.

The terminal 11 nucleotides are conserved in all genome
segments; shaded regions represent nucleotides which are
conserved on a segment specific basis 1in all available

sequenced bunyavirus RNA segments.

(From Elliott, 1990)
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It has been suggested that the conserved terminal
sequences of the RNAs are important for encapsidation by the
N protein as the. genomic (-) and full-length viral
complementary (+) RNA are encapsidated, whereas viral mRNA,
which has 5'-terminal extensions and is shorter at the 3°
end, is not (Raju and Kolakofsky, 1986b). However, the same
authors found a small amount of mRNA-like transcripts late
in infection that were encapsidated and full-length (+)
molecules with 5' extensions that were not encapsidated.
They concluded that nuclecocapsid recognition sequences were
at the 5' end of the RNA. Raju and Kolakofsky (1989) also
showed that full-length (-) and (+) strands are base-paired
in the viral nucleocapsid and they emphasised the importance
of unmatched and mismatched bases within the double-stranded
regions of RNA for recognition by proteins (reviewed in
Wickens and Dahlberg, 1987).

The consensus 3' and 5' terminal nucleotide sequences
of the Bunyaviridae genome RNA segments are shown in

Table 1.2.

Bunyavirus genus

The complete genome sequence of BUN, the prototype of
the family Bunyaviridae, has been determined (Lees et al,
1986; Elliott, 198%9a, b). This 1is the only member of the
Bunyavirus genus whose complete sequence has been reported
({Elliott et al, 1991). The genome comprises 12294
nucleotides.

The BUN L RNA segment is 6875 nucleotides long and has
a base composition of 66.7% A+U residues; this is richer in
A+U residues than the M (61.0%) or the S (58.2%) segments.
Only limited sequence information is available for the L RNA
segments of other bunyaviruses. Some sequences from the
L RNA segment of snowshoe hare virus (SSH) and La Crosse



Table 1.2 Terminal nucleotide sequences of the L, M and S genome segments of
representative members of the Bunyaviridae

Gene
Genus Virus Segment 3' terminus® 5' terminus®
Bunyavirus La Crosse S 3' UCAUCACAUGAGGUG 5' AGUAGUGUGCUCCAC
M 3' UCAUCACAUGAUGGU 5' AGUAGUGUGCUACCA
L 3' UCAUCACAUGAGGAU

S 3' AUCAUCAUCUGAGGG 5' UAGUAGUAUGCUCCC
M 3' AUCAUCAUCUGAGGC 5' UAGUAGUAGACACCG
L 3' AUCAUCAUCUGAGGG

Hantavirus Hantaan

Nairovirus Qalyub S 3' AGAGAUUCUGCCUGC
M 3' AGAGAUUCUUUAUGA
L 3' AGAGAUUCUUUAAUU

Phlebovirus Rift Valley Fever § 3' UGUGUUUCGG
M 3' UGUGUUUCUGCCACGU 5' ACACAAAGACCGGUG
L

3' UGUGUUUCUG

Uukuvirus Uukuniemi S 3' UGUGUUUCUGGAGGUU
M 3' UGUGUUUCUGCCGAUU 5°' ACACAAAGACGGCUA
L 3' UGUGUUUCUGGAGUUG

8 3' terminal sequences were obtained by direct sequencing of virion RNAs or by
analysis of cDNA clones. Sequences identical on all three genome segments are
underlined.

b 5' terminal sequences were determined by sequence analysis of cDNA.

(From Schmaljohn and Patterson, 1990)
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virus (LAC) (Clerx-van Haaster et al, 1982a; Hacker et al,
1990) have been reported. Comparison of the sequences shows
about 40% homology with the BUN L RNA.

Complete nucleotide sequences of four bunyavirus M
segments are available from viruses of two serogroups; the
Bunyamwera serogroup and the California serogroup
(Table 1.3). The segments are similar in size (4458-4534
bases, base composition 61.0-63.2% A+U) and an economy in
the use of RNA to encode protein (Elliott et al, 1991).

Nucleotide sequence homology is greater between the M
segments of viruses of the same serogroup (e.g. SSH virus
and LAC virus 79%; Grady et al, 1987) than between viruses
in different serogroups (e.g. SSH virus and BUN virus, 55%,
Lees et al, 1986).

Sequences of the S segment of six members of the
Bunyavirus denus have been reported, representing the
Bunyamwera, California and Simbu serogroups (Table 1.4).
The sizes range from 850 to 984 nucleotides in length with a
base composition of 55.9-59.9% A+U residues.

Hantavirus genus

The Hantavirus genus was 1included into the family
Bunyaviridae as a result of the analysis of the virus RNA
which showed similarities with other members of the family
(Schmaljohn and Dalrymple, 1983). Nucleotide sequences have
been reported for the M and/or the S genome segments of four
serologically distinct hantaviruses: Hantaan (HTN) virus,
Sapporo rat (SR-II) virus, nephropathia epidemica (NE) virus
(Hallnas strain), and Prospect Hill (PH) virus. L segment
sequences of HTN, NE and Seoul viruses have also been

reported.
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In common with other members of the Bunyaviridae
family, the L, M and S segments show consensus sequences at
the 3' termini which are distinct from viruses of the other
four genera (Schmal john and Dalrymple, 1983, 1984;
Schmaljohn et al, 1985). Complementary 5' terminal
sequences were identified by analyses of c¢DNA copies of
viral genomes (Schmaljohn et al, 1986a, 1987b; Giebel et al,
1989; Stohwasser et al, 1990; Arikawa et al, 1990;
Parrington and Kang, 1990), and this allows noncovalent
circularization of the individual genome segments forming
stable, base-paired, panhandle structures.

Nairovirus genus

The L RNA segment of members of the Nairovirus genus is
much larger (almost twice the size) than L RNAs of other
genera. Some estimates of the size of the M segment
indicate that this is also 1larger in the Nairovirus genus
than in other genera (Clerx and Bishop, 1981; Clerx et al,
1981; Watret and Elliott, 1985; Ward et al, 1990).

Ward et al (1990) reported the sequence of the S
segment of Dugbe virus. The segment 1is 1712 nucleotides
long and has a base composition of 30.6% A, 20.1%C, 23.4% G
and 25.9% U. Sixteen of the 17 terminal nucleotides at the
3' and 5' ends are complementary. No homologies were found
with other S RNA segments of the other genera in
Bunyaviridae.

Phlebovirus genus

Molecular genetic analysis of phleboviruses and
uukuviruses revealed ancestral relationship and 1led to the
unification of the previously separate genera (Elliott
et al, 1991; Francki et al, 1991). The nucleotide sequence
for the L RNA segment has been determined for RVF (Muller
et al, 1991) and UUK (Elliott et al, 1992). Sequences for
the M segment are available for Punta Toro (PT), RVF and UUK
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Collett 1985; Rounholm
analyses of the S segment
SFS and UUK (Ihara et al,
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of 2916 nucleotides for S RNA,
RNA
terminal

and 8897 nucleotides for
sequences of TSW RNA
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termini of the TSW RNAs showed
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Thogoto virus and segment

This may reflect ancentral

some members of the

2 of Dhori
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GENE EXPRESSION STRATEGIES
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different genera of members
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the corresponding

of
of
quite similar, despite the differences
subunits.

the
the Bunyaviridae family are

genome segments for

in relative sizes of

Generally, the coding

assignments of the different segments are:

1 The L RNA segment codes for the L protein.

2  The M RNA segment codes for two glycoproteins, Gl and G2, .

in the form of a

precursor

polypeptide which is then

cleaved cotranslationally to give mature polypeptides.

3 The S RNA segment encodes the nucleocapsid protein N.
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The L, M and S RNA segments of bunyaviruses and
hantaviruses are of negative polarity, i.e. the viral genome
segments have to be transcribed into positive sense mRNA for
protein synthesis. However, the S RNA segments of
phleboviruses and tospoviruses resemble the S RNA segment of
arenaviruses, i.e. a linear single-stranded structure of
covalently-linked negative- and positive-sense molecules
from which separate mRNAs are made. This kind of arrangment
is referred to as being ambisense.

The L segment

The bunyavirus L RNA codes for the L protein (Elliott,
1989b; Endres et al, 1989). There is a single AUG-initiated
open reading frame in the BUN L segment viral complementary
RNA flanked by 5' and 3' noncoding regions of 50 and 108
bases respectively. The open reading frame (ORF) contains
2239 codons. There is a short ORF of 63 codons which is
present in the negative-sense strand, but no gene product
has been identified for it (Elliott, 1989b).

Sequence analysis of the cDNA of the L RNA segment of
HTN (Schmaljohn, 1990) showed a similar coding strategy to
that of the L segment of BUN described above. The sequence
analysis of the RVF phlebovirus shows a single long ORF
coding for 2149 amino acids (243.6 Kd) in the viral-
complementary sequence. The 5' and 3' non-coding regions in
the viral-complementary RNA sequences are 18 and 141
nucleotides in length, respectively. There is the potential
for a short gene product (3.5 Kd) coded in the 5' region of
the viral RNA sequence, suggesting that the L RNA, like the
RVF S RNA, may have an ambisense coding strategy. This
remains to be confirmed by identification of a gene product
(Muller et al, 1992). No sequence reports have been made
for the L segment of nairoviruses but it is assumed that
similar strategies are employed. The L RNA segment of TSW,
has been determined (de Haq?t%:ft al, 1991) and an ORF
starting with an AUG . codong 34 and extending to an UAA
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stopcodon at position 8659. The non-coding regions of the
complementary RNA are 33 bases at the 5' end and 235 bases
at the 3' end. A representation of the coding strategy of
the L segment is shown in Fig 1.2.

The M segment

Bunyavirus genus

Four M RNA segments of members of the bunyavirus genus
have been sequenced for SSH, LAC, GER and BUN. All have a
single ORF of 1433-1441 amino acids which represents a
polypeptide precursor to the two virion glycoproteins, G1
(Mr 108,000-120,000) and G2 (Mr 29,000-41,000), and a
nonstructural protein NSm (Mr 15,000-18,000; Gentsch and
Bishop, 1979; Fuller and Bishop, 1982; Elliott, 1985). The
putative precursor has not been detected in virus infected
cells (Pennington et al, 1977; Lees et al, 1986). It has
not been possible to translate mRNA derived from the M RNA
segment in vitro (Abraham and Pattnaik, 1983; Elliott, 1985)
although it has been possible to express phlebovirus
glycoproteins using similar conditions. No reports have
been made about the expression of bunyavirus M segment from
cloned cDNAs in both prokaryotic and eukaryotic systems.

Phlebovirus genus

The most extensively studied M RNA segments of the
phlebovirus genus are those of the RVF and UUK. The M
segment of RVF has 3,885 nucleotides with a coding potential
of 133kd in the main ORF of the cRNA (Battles and Dalrymple,
1988; Collett et al, 1985). The M segment mRNA of RVF has a
3' terminal truncation of about 100 nucleotides as compared
to the genomic RNA. There 1is also an extension beyond the
5' genomic end by 12-14 nucleotides of heterogeneous
sequence. Amino-terminal sequence analysis of purified G1
and G2 with respect to cRNA showed a coding potential of
about 17kd between the first AUG translation initiation



Figure 1.2 Coding strategies of Bunyaviridae genomes.

Thin lines: the genomic RNAs; arrows: mRNAs, : 5' end;
: 3' end; solid boxes: gene products (not to scale).

(From Elliott et al, 1991).
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codon and the amino terminus of G2 (Collett, 1985, 1986).
This region, referred to as preglycoprotein or nonstructural
M (NSm), has five in-frame AUG codons which come before G2.
In vitro translation of an RNA transcript of cDNA containing
the five initiation codons gave rise to a polypeptide of
133 Kd which, when translated in the presence of microsomal
membranes, vyielded four proteins. Apart from the two
glycoproteins, Gl and G2, two other polypeptides of 78 Kd
and 14 Kd were observed. Alteration of the initiation
codons and expression 1in vaccinia virus systems indicated
involvement of independent initiation at each of the first
and second AUG codons yielding primary translation products
which are co-translationally processed (Kakach et al, 1989).
Initiation at the first AUG of the ORF yielded the 78 Kd
protein representing a fusion between the preglycoprotein
region and the G2 glycoprotein coding sequences, and the
78 Kd protein probably représents the unprocessed
polyprotein of NSm and G2 (Kakach et al, 1988; Suzich and
Collett, 1988). Translation from the second in-frame AUG,
which is 37 amino acids downstream from the first, yielded
the 14 Kd protein which consists only of the preglycoprotein
sequences. There is a common glycosylation site at position
285 which is not utilized in the 14 Kd protein but is used
in the 78 Kd protein (Kakach et al, 1989). Gl appears to be
produced by internal initiation downstream of the
preglycoprotein region (Suzich et al, 1990).

The terminal complementary 3' and 5' sequences of the M
segments of UUK are identical for 10-15 nucleotides to those
of RVF (Collett et al, 1985; Parker and Hewlett, 1981).
Although the former Uukuvirus genus 1is now included in the
Phlebovirus dgenus, sequence analysis of UUK M segment
revealed a coding strategy different from that of other
phleboviruses. There are common features 1like encoding G1
and G2 proteins and cotranslational cleavage of a
polyprotein precursor (Ronnholm and Pettersson, 1987;
Ulmanen et al, 1981). However, the uukuviruses do not have

a preglycoprotein coding region and there 1is only one
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initiation AUG codon which is 17 amino acids upstream of the
amino terminus of Gl. The Gl of UUK appears similar to the
RVF 78kd protein.

Hantavirus genus

The M genome segment of HTN consists of 3,616
nucleotides and has a continuous ORF in the c¢cRNA that
encodes Gl and G2. The M segment does not appear to encode
NSm. There is a 17 amino acid leader sequence between the
first AUG codon and the amino terminus of Gl. A second
in-frame AUG codon which 1is 1located nine amino acids
upstream of the amino terminus of G1 apparently is not used
for initiation. This was demonstrated by removing the first
initiation codon and expressing the <c¢DNA in vaccinia or
baculovirus systems (Schmaljohn et al, 1989). There is a
region of 34 amino acids between G1 and G2 and 19 of these
showed characteristics that constitute a signal sequence for
G2 (Schmaljohn et al, 1987b).

Nairovirus genus

There is currently no information concerning the M
segment coding strategy of nairoviruses. The M RNA of
different nairoviruses range from 4,400 to 6,300 bases
(Clerx and Bishop, 1981; Clerx et al, 1981; Watret and
Elliott, 1985b). Analysis of nairovirus glycoproteins show
molecular size estimates of Mr 72,000-84,000 for Gl and
Mr 30,000-45,000 for G2 (Clerx and Bishop, 1981; Clerx
et al, 1981; Cash, 1985; Watret and Elliott, 1985b). Three
virion glycoproteins have been observed for Hazara virus
with Mr of 84,000, 45,000 and 30,000 (Foulke et al, 1981).
Reports have been made about non-structural glycoprotein
precursors which were shown to be related to the structural
glycoproteins by pulse-chase experiments (Clerx and Bishop,
1981; Cash, 1985; Watret and Elliott, 1985b). Details about
the cleavage events or interrelationships between the

identified proteins are not available.
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Tospovirus _genus

The expression strategies of the M RNA segments of
representative viruses is shown in Fig 1.2.

The S segment

Bunyavirus genus

The S RNA segment for members of the Bunyavirus genus
encode two proteins, the nucleocapsid N protein (Mr 19,000-
26,000) and a nonstructural protein, NSs (Mr 10,000-12,000).
These proteins are encoded in overlapping reading frames,
i.e. proteins are synthesised from the same nucleotide
sequences but in different reading frames (Gentsch and
Bishop, 1978; Cash et al, 1979; Bishop et al, 1982; Fuller
and Bishop, 1982; Akashi and Bishop, 1983; Cabradilla et al,
1983; Fuller et al, 1983; Akashi et al, 1984; Bouloy et al,
1984; Elliott, 1985; Gerbaud et al, 1987b; Elliott and
McGregor, 1989). Only one S segment mRNA species has been
described for bunyaviruses SSH, LAC and GER (Bouloy et al,
1984; Eshita et al, 1985; Patterson and Kolakofsky, 1984)
and it appears therefore that the N and NSs proteins are
made from the same mRNA species, the result of alternative
initiation of translation (Bishop et al, 1983b; Elliott and
McGregor, 1989). The S segments of GER and MAG bunyaviruses
contain an additional ORF downstream of, and in the same
frame as, NSs (Gerbaud et al, 1987b; Elliott and McGregor,
1989). The product of this third ORF has been translated
in vitro from cloned cDNA but the protein has not been
observed in vivo (Elliott and McGregor, 1989).

Phlebovirus genus

The coding strategy of the S segments of phleboviruses
is different from those of bunyaviruses, nairoviruses and

hantaviruses but appear to be similar to tospoviruses.
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Cloning and sequence analysis and cell-free translation
studies have revealed the existence of two ORFs for PT
(Ihara et al, 1984), SFS (Marriott et al, 1989), Toscana,
RVF (Giorgi et al, 1991) and UUK (Simons et al, 1990). One
ORF is present in the viral complementary sense RNA and
codes for the N protein; the other ORF 1is present in the
virion sense RNA and codes for the NSs protein. This
strategy of encoding two proteins from non-overlapping
regions of virion-sense and anti-virion-sense RNA is
referred to as ambisense and had been identified previously
in the S segment of arenaviruses (Bishop, 1986). The N and
NSs proteins are encoded by two subgenomic mRNAs of opposite
polarity.

Hantavirus genus

Members of the Hantavirus genus apparently do not
encode any NSs polypeptide. There is’  only one continuous
ORF in the HTN S <cRNA that encodes N. The N protein is
translated from a virus complementary-sense> messenger RNA
which is indistinguishable in size from genomic length S RNA
(Schmaljohn et al, 1986a, 1987a). The HTN N protein, which
is 48-kD, is much 1larger than those of bunyaviruses and
phleboviruses.

Nairovirus genus

The nucleotide sequence of the S RNA segment of Dugbe
(DUG) virus has been determined (Ward et al, 1990). The
S RNA of DUG virus 1is 1712 nucleotides in 1length and
contains one large ORF of 1326 nucleotides. The ORF is
flanked by 3' and 5' non-coding regions of 49 and 337 .
nucleotides, respectively. The identity of the protein
encoded by the ORF was demonstrated when monoclonal
antibodies to the DUG virus N protein precipitated a fusion
protein of pB-galactosidase and the DUG virus ORF. The
S segment of DUG virus mRNA was found to be essentially
full-length, and similar to fhat of hantaviruses
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(Schmaljohn et al, 1986). No evidence was found for the
overlapping reading frame coding strategy of bunyaviruses
and the ambisense coding strategy of phleboviruses.

Tospovirus genus

De Haan et al (1990) reported the nucleotide sequence
of the S RNA segment of TSW. The RNA is 2916 nucleotides
long and analysis of the genome revealed two major reading
frames. The ORF on the viral RNA strand starts with an AUG
codon at position 88 and ends at a UAA stop codon at
position 1481, which is capable of coding for a protein of
465 amino acids. The ORF on the cRNA strand starts with an
AUG codon at position 2763 and ends at the UGA codon at
position 1989 (numbered from the 5' end of the viral
strand). It encodes a protein of 259 amino acids. In vitro
translation of this second ORF from a cloned cDNA showed
that it was the nucleocapsid protein, N, as it co-migrated
with authentic N viral protein and reacted with antiserum
raised against purified nucleocapsids. Two subgenomic mRNAs
were detected by northern blots. It was deduced that TSW
S RNA segment had an ambisense arrangement (de Haan et al,
1990).

The coding strategies of the S genome segments of the
family Bunyvaviridae are shown in Fig 1.2.

VIRAL PROTEINS AND FUNCTION

Most of the viruses of the Bunyaviridae family are
composed of four structural proteins designated L, N, Gl and
G2. The L and N proteins are associated with RNA, forming
nucleocapsids. Gl and G2 are 1located at the surface and
form spikes observable in the electron microscope. Apart
from their structural proteins, bunyaviruses and some
phleboviruses have two nonstructural proteins, designated
NSm and NSs; uukuviruses of the Phlebovirus genus express
one nonstructural protein, NSs. These nonstructural
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proteins have not been reported for members of the other
genera (Bouloy, 1991). Proteins encoded by the Bunyaviridae
are shown in Table 1.5.

The L protein

The L protein is thought to be the virion-associated
transcriptase. In the Bunyavirus genus transcriptase
activity has been detected in detergent disrupted
preparations of Lumbo (Bouloy and Hannoun, 1976), LAC
(Patterson et al, 1984), GER (Gerbaud et al, 1987a).
Schmaljohn and Dalrymple (1983) found RNA-dependent RNA
polymerase activity associated with purified HTN virions.
Jin and Elliott (1991) demonstrated the polymerase activity
of the L protein by synthesizing BUN RNA using the L protein
made by recombinant vaccinia virus. There have yet to be
similar reports on the polymerase activity of the other
genera.

The M segment proteins

The middle RNA segment codes for two glycoproteins, G1
and G2, and, depending on the genus, a nonstructural
protein, NSm. Apart from their structural role the
glycoproteins show biological functions including
neutralising epitopes, an acid pH-dependent fusion activity,
and are involved in attachment to cellular receptors. They
are also responsible for the induction of immune responses
resulting in the production of haemagglutinating and
neutralizing antibodies. The glycoproteins have been shown
to be the main determinants of virulence in mice (Shope
et al, 1981; Gonzalez-Scarano et al, 198b5a; Janssen et al,
1986; Endres et al, 1990) and for infection of mosquitoes
(Beaty et al, 1981, 1982; Sundin et al, 1987).

Neutralising epitopes have been mapped to only Gl of
the bunyaviruses (Gonzalez-Scarano et al, 1982; Kingsford
et al, 1983; Kingsford and Boucquey, 1990; Grady et al,
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1983) whereas they have been found in both G1 and G2 of RVF
(Keegan and Collett, 1986; Battles and Dalyrymple, 1988), PT
(pifat and Smith, 1987; Pifat et al, 1988) and HIN
(Yamanishi et al, 1984; Dantas et al, 1986; Arikawa et al,
1989). The ability of the glycoprotein to induce immunity
and protection has been reported for the G2 of RVF (Collett
et al, 1987; Dalrymple et al, 1989; Schmaljohn et al, 1989)
and for both Gl and G2 of HTN (Pensiero et al, 1988;
Schmal john et al, 1990).

Acid-dependent fusion activity has been demonstrated in
LAC and HTN virions. This activity is thought to be
important in the attachment of virions to cells in the early
stages of infection. For LAC bunyavirus it has been
suggested that the G2 glycoprotein is actually responsible
for cell fusion (Pobjecky et al, 1989) although it is G1
that has been observed to undergo a conformational change at
the pH of fusion (Gonzalez-Scarano, 1985; Gonzalez-Scarano
et al, 1985b). Protease treatment of LAC caused a dramatic
effect on the ability of the virus to attach to and infect
vertebrate and invertebrate cells. Treatment of LAC with
protease decreased the ability to attach to and infect
vertebrate cells by 77%, while attachment to mosquito cells
increased to as much as 306% (Ludwig et al, 1989). The same
authors observed that treatment with protease was a
prerequisite for detectable attachment of virus to mosquito
midguts, suggesting that protease treatment of LAC may play
an important role in attachment to, and subsequent infection
of, mosquito midguts in nature. On the basis of their
observation, Ludwig et al (1989) proposed a model for
infection of mosquitoes by LAC. Earlier work had suggested
that for vertebrates Gl is the glycoprotein responsible for
attachment to cells, either by fusion or through
interactions with specific virus receptor proteins
(Kingsford and Hill, 1981; Janssen et al, 1984; Gonzalez-
Scarano et al, 1984; Gonzalez-Scarano, 1985). Thus, Ludwig
et al (1989) hypothesise that when LAC enters the mosquito
midgut after feeding on vertebrate hosts, the virus would be
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unable to bind directly to epithelial cells because G1
receptor proteins may not be present. The binding of virus
to midgut occurs after mosquito secretory proteases cleave
the Gl protein, exposing regions on G2 which allow virus to
fuse to cells or attach to specific receptor proteins. This
was based on the fact that proteases are present in mosquito
midguts immediately following a blood meal.

Glycosylation

The envelope glycoproteins of all members of the family
Bunyaviridae analysed to date possess N-linked
oligosaccharide side chains (Cash et al, 1980; Pesonen
et al, 1982; Schmaljohn et al, 1986). Glycosylation is
initiated by en bloc transfer of preformed oligosaccharide
chains from an oligosaccharide pyrophosphryldolichol
intermediate to an asparagine residue in the amino acid
sequence, Asn-X-Ser/Thr, in the newly synthesized
polypeptide chain (Hubbard and Ivatt, 1981: Klenk and Rott,
1980). Sugar residues are then modified by enzymes in the
endoplasmic reticulum (ER) and the Golgi complex as the
glycoproteins translocate through these organelles (Kornfeld
and Kornfeld, 1985).

Modification of oligosaccharide in the ER and Golgi complex

High mannose type oligosaccharide side chains, which
are the primary sugar residues attached in the ER, are
specifically cleaved to remove glucose and some mannose by
endoglycosidase H. After removal of their residues, the
side <chains are converted to complex sugar chains by
attachment of the peripheral sugars in the Golgi complex and
the resulting mature forms of sugar become resistant to
endoglycosidase H. This phenomenon can be used to study the
transport of membrane glycoproteins between the ER and the
Golgi complex. Kuismanen (1984) showed that the G1 and G2
glycoproteins of UUK acquired endoglycosidase H resistance
with a half-life of 45 min and 90-150 min, respectively.
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Similar times were observed for PT (Chen et al, 1991;
Matsuoka et al, 1988) and the Gl glycoprotein of LAC (Madoff
and Lenard, 1982). However, the G glycoprotein of vesicular
stomatitis virus (VSV) and the influenza virus
haemagglutinin (HA) acquired endo H resistance much more
rapidly, in about 15-20 min after synthesis (Copeland et al,
1988; Doms et al, 1987; Strous and Lodish, 1980). From
this, it appears that the bunyavirus glycoproteins

translocate rather slowly.

AMINO ACID SEQUENCES AND GENE ORDER OF THE M SEGMENT
PROTEINS

Bunyavirus genus

The amino acid sequences of four bunyaviruses M
segments (BUN, GER, LAC and SSH) have been determined and
analysis of the amino acid sequences derived from the coding
nucleotide sequences of the four segments reveal a notable
conservation of cysteine residues (Elliott, 1990) and are
shown in Fig 1.3.

The gene order of the bunyavirus M segment was
determined by Fazakerley et al (1988) wusing direct amino
acid sequence analysis and specific peptide antibodies as
5' G2-NSm-G1 3' in the viral complementary RNA. The
following points can be observed when data on SSH are used
and extrapolated to BUN, GER and LAC. There is a putative
signal sequence of 13 to 21 residues at the amino terminus
of the precursor. The G2 proteins show an overall amino
acid homology of about 66%. The positions of N-linked
glycosylation sites As-Xxx-Ser/Thr are strictly conserved. -
Cleavage at the carboxy terminus of G2 occurs after a
conserved arginine residue. NSm shows about 50%
conservation of residues. Prediction of the amino terminus
of G1 by alignment with SSH is not clear because of low
sequence homology in this area but appears to occur after a
conserved alanine residue. The G1 proteins exhibit the



Figure 1.3 Alignment of the glycoprotein precursors of SSH,
LAC, BUN and GER viruses.

The amino and carboxy termini of G2 and amino terminus of
Gl, as determined for SSH (Fazakerley et al, 1988) are
indicated. The exact boundaries of NSm are not known.
N-linked glycosylation sites conserved in all four proteins
are indicated by @ and in two proteins (serogroup
conserved) & or @ . There 1is a potential glycosylation
site at position 89 in GER which is not conserved.

(From Elliott, 1990).
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ALaGTSVGFKInSKEGkhLLDVIaYVKSAsysSVYaklYsTGPTsgINTKHDELCTGpCPanInHgQvgWLTFa rERTSSWGCEEFGCLAVsdGCVFGSCC
AagGTSIGYnVrSKDGfpLLD1IvFVKSAvikStYnhiYdTGPTi sINTKHDEhRCTGgCPsnIeHeanWLTF sqERTSrWGCEEFGCLAVntGCVFGSCQ
ALSGTSVGFKInaKDGtdLLDIVvYIKasvvkSIYnhiYdTGPTinlNsKHDELCTGQCPkklpadpnWLTFsqQERTSrWGCEEFGCLAIntGCVYGSCQ
AL-GTS-GFKI-SK-G— LLDVI -YVKSA-——-SIY Y-TGPT-- INTKHDELCTG-CP--I-H WLTF--ERTS-WGCEEFGCLA GCVFGSCQ

1101 # 1200
DIIRJE1tVYRKetDEVtdvelClTF sdkTYCTnlNpItPiITDIFEVQFKTVETYySLPrIVAIgQNHeikiGQVNDLGVvYskgCGNVQKvNgtVyGnGvP
DIIkeElsVYRKetEEVtnvelClTFsdkTYCTnlNpVtP iITD1FEvVQFKTVETYSLPrIVAVgNHeik iGQINDLGvYskgCGNVQKvNgtVyGnGvP
DVIRpEtkVYRKavDEVviltvCiTYpghTFCTeiNaIePkITEe iE1QFKTVDTkt LPyIVAVnNHklysGQINDLGtFgqmCGNVQKtNssI 1GtGtP
DVIRtEtkVYRKanEEtvmltvCiTYpghTFCTdvNahePkITDeLEl1lQFKTIDi kSLPnlVAVtNHklytGQINDLGtFggqmCGNVQKtNtshtGaGtP
D-IR-E— VYRK—EV C-T === T-CT— N-1-P-1TD-FE-QFKTV-T-SLP-IVAV-NH----- GQINDLG CGNVQK-N--V-G-G-P

1201 1300
KFDYICH1ASRKEVIVRKCFdNdYqaCKFLgspasyrLEEDsgTVTVi dyKkilGtikMKalLGDVkYKtFaDnvDMt aEgsCtGCInCFEnihCeLt lh
rFDY1CH1ASRKEVIVRkCFdNdYqaCKFLgspasyrLEEDsgTVTIidyKki1GtikMKalLGDVkYKtFaDsvDitaEgsCaGCInCFqnihCeLt 1h
KFDYtCHgASRKDIIVRrCYnNnFdsCKLLkeetqliFnDDhdTITVyntnhliGelaiKlILGDIQYK1IFtEtIDLqiDakCvGCpdCFEsysCnFqiv
KFDYtCysASRKDIIIRrCYnNnYdsCrLLngesdllFDDnheTlvVynnKrInGelaLKl11lLGDIQYK1YtEnmELelEakCvGCVgCFEsyqCnLgit
KFDY-CH-ASRK— IVR-C--N-Y— CK-L-----———- E-D— TVTV----K G---MK-ILGD— YK-F-—--—- DL— E— C-GCI-CFE---C-L---

1301 1400
ttIEasCpivstCtvFHDRI1VtpnehkYALKVVCTekPGntITirICNtkvEasLalVdakpilElapvDQTaYIrEKDERCKTWMCRVRDEGLQVILE
ttIEasCpikssCtvFHDRI1VtpnehkYALKIVCTekPGntITikVCNt riEasMalVvdakpilElapvDQTaYIrEKDERCKTWMCRVRDEGLQVILE
snIDtiCslegpCdtFHnNnRIsIkamggqnYAvKlsCqgkdPrpsgTfklCNreytvvFhtVakddklEinvgDQTsFIkKkEKDDRCKTWLCRVRDEGisVIFE
sslDetalylvpvshFHDRIqlkttkkdYAMKIsCTrdPGdkasf rVCgksyDfnFhtVpkndklEvnvgDeTsYIkKkEKDnRCgrWLCRVRDEGLSVIFE
- I C-----= C— FHDRI--------- YALKI -CT--PG T CN-———E--F— V------ IE-——— DQT-YI -EKDERCKTW-CRVRDEGL-VI-E

1401 1456
PFKNLFGSYiglFYtfIIs ITaLLillYIvLPiCfKLRDtLrkhEdaYkrEMKiR*
PFKNLFGSYiglFYtfI IsIIaLLvIIYVLLPiCfKLRDtLrkhDdaYkrEMKiR«
PiKaFFGSYfsIFFyiIVVWvgFIIIYIFMPmfmKLkEvLkanEk1lYlgEi Kqk *
PLnNFFGnY1lnmFLyilgglI1lLFlalYILMPmCa rLRDeLkrnErlhgmEMKkR*
PFKN-FGSY--IFY--II-11-L--I IYIL-P-C-KLRD-L E--Y--EMK-R-

F>gure i.a
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lowest homology (about 40%) and similarity is more enhanced
in the carboxy half than the amino half of the molecule.
There is one strictly-conserved N-glycosylation site whereas
a second site 1is conserved between viruses of the same
serogroup (Elliott, 1990). The Gl protein is susceptible to
trypsin digestion (Kingsford and Hill, 1983; Gonzalez-
Scarano, 1985). Fazakerley et al (1988) determined the
major trypsin site by limited trypsin digestion of the Gl of
SSH coupled with amino-terminus sequencing of the fragment
from the trypsin digestion. The trypsin sensitive site is

also conserved.

Hydropathy profiles of BUN, GEM, SSH and LAC M proteins

The hydropathy profiles of the M segment proteins of
the four viruses are very similar (Elliott, 1990) and are
shown in Fig 1.4.

The G2 protein has a rather long hydrophobic sequence
(residues 187 to 245) followed by a charged stop-transfer
sequence. The orientation of G2 in relation to the membrane
has not been determined (Elliott, 1990). The Gl protein has
more characteristics of a typical membrane glycoprotein than
G2. There is a carboxy-terminal transmembrane and anchor
sequencédgzg?g?gﬁig 2h%§ta from trypsin digestion orientate
Gl with its amino terminus external to the membrane
(Fazakerley et al, 1988). Neither the function nor the
intracellular location of NSm dse known; examination of the
amino acid sequence and hydropathy profile suggest that it
is a membrane bound protein. Information from the amino
acid homologies. gene order and hydropathy profiles
demonstrate the evolutionary relatedness of the glycoprotein
species of viruses from the two serogroups of the
bunyavirus, i.e. the Bunyamwera serogroup and the California
serogroup and antigenic differences that differentiate
individual viruses may be 1located in external (least



Figure 1.4 Hydropathy profiles of (a) SSH, (b) LAC, (c) BUN
and (d) GER virus glycoprotein precursors.

The boundaries of G2, NSm and Gl are indicated. H

designates the hydrophobic domain 1in G2, suggested to be
involved in fusion.

(From Elliott, 1990).
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homologous) amino half of G1. The proposed topology of the
bunyavirus M segment proteins in relation to membranes is
illustrated in Fig 1.5.

The Hantavirus genus

The G1 and G2 proteins of hantaviruses are similar to
those of other members of the Bunyaviridae family in being
both glycosylated and rich in cysteine residues. Amino acid
sequences have been determined for three members of the
genus (HTN, NE and SR-11) for both G1 and G2. Hydropathy
plots of the predicted amino acids of HTN, NE and SR-11 are
almost superimposable, even if the overall amino acid
sequence homologies of only 43% for Gl and 55% for G2 exist
among the three viruses. When differences due to
conservative substitutions are taken into account the amino
acid sequence homologies show 58% and 71% for G1 and G2,
respectively (Arikawa et al, 1990). Deduced amino acid
sequences encoded in the SR-11 virus M segment ORF are more
closely related to those of HTN virus (78% identical) than
those of NE virus (53% identical). These amino acid
sequence homologies reflect the closer serological
relationship of HTN and SR-11 viruses compared to HTN and NE
viruses (Schmaljohn et al, 1985). Two 1isolates from
patients with Korean haemorrhagic fever showed homologies in
excess of 98% with HTN, indicating the indistinguishable
serological characteristics of those isolates (Schmaljohn
et al, 1988).

The amino-terminal residues of G1 for both HTN and
SR-11 is leucine. The amino-terminal residues for G2 were
found to be serine and alanine for HTN and SR-11,

respectively.

There are five asparagine-linked glycosylation sites in
the G1 proteins of SR-11 and HTN viruses. The first four
sites are conserved. Three of the four glycosylation sites
are also maintained in the NE G1 protein.



Figure 1.5 Gene organisation of M genome segments of
bunyaviruses and proposed topology of their protein

products.

The ORF fog the precursor protein is shown with hydrophobic

regions (_m ) and known amino termini ( ™ ) and carboxy
termini ( €9 ) of G1 and G2 glycoproteins. The predicted
transmembrane topology of proteins based on the

hydrophobicity profiles is also shown. Arrows: polypeptide

cleavage sites.

(From Matsuoka et al, 1991).
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Hydropathy profiles of hantavirus M segment proteins

The hydropathy plots of the predicted amino acids
within the middle segment ORFs of HTN, NE and SR-11 viruses
are nearly superimposible (Elliott et al, 1991) and are
shown in Fig 1.6.

The Phlebovirus genus

Amino acid sequence comparisons of three members of the
Phlebovirus genus have been made for PT, RVF and UUK. The
proteins are rich in cysteine residues (5-7%) and of these
70% are conserved among the three viruses (IThara et al,
1985b; Ronnholm and Pettersson, 1987). This was suggestive
of the important role the cysteine residues played in the
structure of the protein and also indicated the close
relatedness of the viruses. This observation contributed
towards the data that necessitated the inclusion of the
former Uukuvirus genus into the Phlebovirus genus.

Within the unique ORF present in the viral
complementary-sense RNA, which codes for a polypeptide
precursor, the gene order for RVF has been determined as
NSm-G2-Gl, for PT NSm-G1-G2 and Gl1-G2 for UUK. The
uukuvirus group lacks the nonstructural protein found in the
phlebovirus group within the genus. The difference in the
gene order of PT and RVF merely reflects the relative size
difference between the two glycoproteins as measured on
polypeptide gels, with G2 being the faster migrating.

Hydropathy plots of PT, RVF and UUK

Hydropathy plots of the three viruses, i.e. PT, RVF and
UUK, are strikingly similar. Preceeding each glycoprotein
is a stretch of 17-20 hydrophobic amino acids that may
represent a signal or membrane insertion sequence. There is
an additional hydrophobic region near the carboxy-terminal



Figure 1.6 Hydropathy plots of the M segment ORFs of
hantaviruses.

The hydropathic profiles of the deduced amino acids of the M
segment ORFs of HTN, SR-11, and NE viruses are displayed.
Where protein sequence information 1is available, vertical
lines are added to represent the position of the amino
terminus of the indicated proteins. In all cases, the
mature glycoprotein coding sequences are preceeded by a
hydrophobic signal sequence (black box). Similarly, at or
near the carboxy terminus of the first glycoprotein,
possible hydrophobic transmembrane anchor sequences are
identified (shaded boxes). Asterisks represent potential

asparagine-linked glycosylation sites.

(From Elliott et al, 1991).
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end of both Gl and G2 which may represent transmembrane
anchor sequences. The profiles are different from those of
the bunyaviruses but the carboxy hydrophobic end of G2 (PT),
Gl (RVF) and G2 UUK are similar to the Gl1 of the
bunyaviruses (Fig 1.7).

There is a single site for N-linked glycan attachment

in RVF G2 and four sites in PT Gl and UUK Gl. The second
glycoprotein has four sites for each virus.

Nairovirus M segment proteins

In the absence of sequence data, not much is known
about the M segment proteins of nairoviruses but it is
presumed that they will have common features with other
members of the Bunyaviridae family, 1like richness 1in

cysteine residues and glycosylation sites.

Tospovirus M proteins

The M RNA segment of TMW has not been sequenced but it
is presumed it encodes the 78K and 58K proteins which are
glycosylated and represent the G1 and G2 glycoproteins,
respectively (Mohamed et al, 1973).

The S segment proteins

The bunyavirus S segment encodes the N protein (Mr 19K
to 26K) and a nonstructural protein NSs (Mr 10K to 12K).
The nucleotide sequences of six bunyavirus‘S segments have
been determined and range in size from 850 to 984 bases.
The six segments which represent three serogroups in the
Bunyavirus genus have 40% sequence similarity overall,
whereas the N proteins from the same serogroup show 80%
similarity (Elliott, 1989a). Some regions of the N protein
are strictly conserved between all six sequences. The
conserved regions may be important in binding to the viral
RNA, although homology to RNA binding proteins (Chen et al,



Figqure 1.7 Hydropathy plots of the M segment ORFs of

phleboviruses.

The hydropathic profile of the amino acid sequence of the M
segment ORF of PT, RVF, and UUK viruses are displayed.
Vertical lines represent the position of the amino terminus
of the indicated proteins. Pre-G 1is the protein coding
region preceeding that of the first envelope glycoprotein.
In all cases, the mature glycoprotein coding sequences are
preceeded by a hydrophobic signal sequence (black box).
Similarly, towards the carboxy end of the first glycoprotein
and at the end of the second, there appear hydrophobic
putative transmembrane anchor sequences (shaded boxes).
Asterisks demonstrate potential asparagine-linked

glycosylation sites.
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1989; Query et al, 1989) is not obvious. They may also be
important in eliciting complement-fixing antibodies since
the N is the complement fixing antigen. The N protein
synthesised in large amounts, e.g. via Dbaculovirus
expression systems, will be invaluable for diagnostic use
for specifying a genus, since complement fixation cross-
reactivity does not occur beyond a genus.

In the Hantavirus genus, the N protein is about 48.1K
predicted Mr. It seems that no nonstructural protein is
synthesised or coded for in this genus.

The N protein is an important cross-reactive antigen in
immunoprecipitation reactions between different antigenic
groups (Sheshberadaran et al, 1988) which probably reflects
areas of sequence conservation on the S segment detected by
cross-hybridisation studies (Schmaljohn et al, 1987b).

The nairovirus N protein is similar in size to that of
hantavirus (Mr. 48K to 52K). It 1is the major viral protein
detected in infected «cells (David-West, 1974; Clerx and
Bishop, 1981; Clerx et al, 1981; Foulke et al, 1981; Cash,
1985; Watret and Elliott, 1985b; Watret et al, 1985).

In the Phlebovirus denus the S RNA codes for two
proteins, N and NSs, of predicted Mr of 24-30K and 29-31K,
respectively. The NSs protein has not been observed in
cells infected with some members of the genus. The NSs
could be seen in cells 1infected with RVF, KAR and SSF but
not in cells infected with PT. The intracellular location
of this protein also varied as NSs of RVF was observed in
the nuclei of infected cells (Struthers and Swanepoel, 1982)
whereas NSs of KAR remained entirely in the cytoplasm (Smith
and Pifat, 1982). NSs of PT has been found to be
specifically associated with nucleocapsids (Overton et al,
1987).
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BIOLOGY AND FEPIDEMIOLOGY

Disease

Most of the more than 300 members of the family
Bunyaviridae rarely infect humans or domestic animals
(Gonzalez-Scarano and Nathanson, 1990). However, there are
members in the family of considerable medical and economic
importance. The full pathogenic importance of the viruses
may not be fully appreciated, especially 1in the so-called
third world countries, where diagnostic technologies are
less advanced and in some cases non-existent. Inappropriate
diagnosis often places infections caused by members of the
Bunyaviridae and other arboviruses under the 'great
umbrella' of malaria and are often treated as such (Downs,
1975; Shope, 1985). RVF, California encephalitis virus,
CCHF and HTN are important human pathogens. TSWV, which
infects up to 400 species from 50 different plant families,
both monocotyledons and dicotyledons, cause an enormous
economical loss due to its wide geographical distribution.
Selected Bunyaviruses that cause disease in humans or

domestic animals are shown in Table 1.6.

Transmission and perpetuation

The ecological patterns of different bunyaviruses are
quite diverse between different genera (Gonzalez-Scarano and
Nathanson, 1990). Bunyaviruses, nairoviruses and
phleboviruses are transmitted between vertebrate hosts by a
wide variety of haematophageous vectors, including culicine
and anopheline mosquitoes, argasid and ixodid ticks, biting
midges and sandflies. Virus genera are typically
associated with a given vector taxon (Beaty and Calishér,.
1991): bunyaviruses are principally transmitted by
mosquitoes, nairoviruses and the uukuvirus group of
phleboviruses by ticks and the phlebovirus group of
phleboviruses by sandflies. Tospoviruses are transmitted by
thrips and hantaviruses, which are maintained by persistent



Table 1.6 Selected bunyaviruses that cause disease in humans or domestic animals

Genus, Virus Host Disease Frequency
serogroup
Bunyavirus
California La Crosse Human Encephalitis Endemic
Snowshoe hare Human Encephalitis Rare
California encephalitis Human Encephalitis Rare
Jamestown Canyon Human Encephalitis Sporadic
Tahyna Human Influenzalike Endemic
Simbu Oropouche Human Acute fever Epidemic
Akabane Ungulates Fetal malformations Fndemic
Phlebovirus
RVF RVF Sheep Hepatitis Epidemic
Human Influenzalike Epidemic
Sandfly Sandfly fever
fever Naples Human Acute fever Endemic
Sicilian Human Acute fever Endemic
Hantavirus
Hantaan Hantaan Human HFRS Endemic
Seoul Human HFRS Endemic
Puumala Human Renal syndrome Endemic
Nairovirus
NSD NSD Sheep Hepatitis Endemic
CCHF CCHF Human Hemorrhagic fever Sporadic

Ref: F. Gonzalez-Scarano et al, 1991.
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infection in rodents, by aerosolised excreta of rodents.
Reservoir host for members of the Bunyaviridae are mainly

mammals and birds.

Geographic distribution

The Bunyaviridae are found worldwide. Restriction of a
virus to a vertebrate-vector pairing with defined geographic
distribution may lead to natural isolation and therefore
genetic stability in divergent evolution (Calisher and
Karabatsos, 1988). For example, no Bunyamwera serogroup
virus has been isolated in Australia whereas Batai virus,
which is maintained in birds, has been isolated in Asia and
Europe - probably because of migrating birds.

Vertebrate host-virus interactions

Reservoir hosts are usually not untowardly affected by
arboviral infection, probably because they have evolved a
relative benign host-parasite relationship over time. 1In
contrast, tangential hosts may experience considerable
morbidity and mortality when infected with the virus (Beaty
and Calisher, 1991). Nosocomial infections have been
observed with CCHF, RVF and HTN viruses.

Vector-virus interactions

Like other arboviruses, bunyaviruses are transmitted‘
either biologically or mechanically by vectors. Biological
transmission involves ingestion of the virus by the vector
after feeding on a viraemic vertebrate host. After the
vector becomes infected the virus replicates in the tissues
and organs. The virus may then be transmitted when the
vector seeks another blood meal. This occurs after an
extrinsic period, i.e. the period between after digestion
and when the vector is competent to transmit the virus.
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In mechanical transmission, the vectors do not need to
become infected by the virus but the virus is carried on the
mouth parts. For transmission to occur the vector must feed
upon a host in time before the virus becomes inactivated.

In both cases the process by which the virus enters a
vector and exits 1is gquite complex and 1involves multiple
infection and dissemination barriers (Hardy, 1988; Kramer
et al, 1981; Beaty and Bishop, 1988). The usual sequence of
events in the extrinsic incubation period modulated by
temperature (Turell, 1989) is: (a) infection of vector
midgut cells, (b) replication in these <cells, (c) escape
into the haemolymph, and (d) dissemination to an infection
of epidemiologically significant target organs. Infection
of salivary glands permits transmission to vertebrates and
infection of ovaries permits transovarial transmission to

progeny.

It is the accepted view that arbovirus infection is not
detrimental to natural vectors in contrast to vertebrate
hosts, where sometimes dramatic effects occur. However, it
has been shown that some effect associated with arboviral
infection of vectors takes place (Beaty et al, 1980;
Grimstad et al, 1980; Weaver et al, 1988).

PROTEIN TARGETTING

Overview

It is a generally accepted view that proteins which are
not retained at their site of synthesis have signals that
direct their intracellular transport, their folding and
interaction with other cell components once they reach their
destination. These signals may be divided into four groups:

1 Routing signals operate at the earliest stages of protein

targetting and direct the specific interaction between
targetted polypeptides and the surface of the first membrane
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with which they come into contact. Routing signals may be
located in any part of the polypeptide and they need not be
cleaved off during the early stages of translocation. 1If
they are proteolytically processed, then the initial form of
the polypeptide is the precursor and the processed
polypeptide is the mature form.

2 Sorting signals direct proteins into different branches
of a targetting pathway or redirect them once they have

reached their initial destination.

3 Retention signals prevent proteins from passing along the

entire length of targetting pathway or from being released
from organelles to which they have been targetted.

4 Membrane topology - stop transfer signals involve routing

signals which are not cleaved off and remain embedded in the
membrane. These are then referred to as membrane anchor
sequences. Those that halt the translocation of the
polypeptide through the membrane are termed stop transfer

signals.

Bunyvavirus protein transport

One of the characteristics of the members of the
Bunvaviridae family is that they mature by budding at
smooth-surfaced membranes close to the nucleus (Lyons and
Heyduk, 1973; von Bonsdorff et al, 1970). Kuismanen et al
(1982) showed by immunological cytochemical and
immunoelectron microscopic techniques that this region
corresponds to the Golgi complex. Budding at the Golgi
membranes was also observed by Murphy et al (1973) by direct
electron microscopy.

Bunyavirus glycoproteins accumulate at the membranes of
the Golgi apparatus before virus assembly and it has been
suggested that the glycoproteins serve to direct other
structural components to the site of maturation (Matsuoka
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et al, 1991). Bunyavirus glycoproteins expressed from
cloned cDNAs are retained in the Golgi complex and behave
like resident proteins of the Golgi complex. Studies with
recombinant glycoproteins also revealed that the
glycoproteins are targetted to the Golgi complex in the
absence of other viral components, structural or
nonstructural (Matsuoka et al, 1988; Pensiero et al, 1988;
Wasmoen et al, 1988).

The location and funtional roles of other protein

products of the M segment are not clear.

Possible mechanisms for intracellular transport and

localization

- Some proteins remain in the ER while others are
exported to the Golgi complex, most of which are
subsequently distributed to various organelles. Two
mechanisms have been demonstrated for retention in the ER.
Resident ER proteins like disulphide isomerase contain the
same carboxy terminal tetrapeptide sequence Lys-Asp-Glu-Leu
(KDEL). Removal of the KDEL sequence resulted in the
protein being secreted and addition of the sequence to
secretory proteins caused them to accumulate in the ER
(Munro and Pelham, 1987; Pelham, 1988). Another mechanism
to control the exit of proteins from the ER has been
described as possession of transport competency - this
involves correct folding and assembly of proteins.
Mutations introduced into viral glycoproteins were reported
to block or slow export of proteins from the ER (Rose and
Doms, 1988).

It has also been observed that for some proteins
including influenza HA and VSV G protein, assembly into
oligomers is required for transport from the ER (Copeland
et al, 1986; Doms et al, 1988; Gething et al, 1986; Hurtley
and Helenius, 1989; Kreis and Lodish, 1986). Failure to
assemble into an oligomer resulted in ER retention, without
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the requirement for a specific signal. In virions, the G1
and G2 glycoproteins of UUK exist as heterodimers (Persson
et al, 1989). Protein products from recombinant vaccinia
viruses containing only either Gl or G2 coding sequence of
PT failed to exit the ER (Chen et al, 1991). The same was
observed for HTN glycoproteins (Ruusala et al, 1992).

The question of whether the glycoproteins of
bunyaviruses contain a Golgi retention signal is unclear,
and if they had a retention signal, is it present on both G1
and G2 or just on one of them? Are extra sequences such as
the NSm coding seqguence involved in retention of
glycoproteins in the Golgi? The requirement of an NSm
protein in Golgi retention was ruled out for phlebovirus:
recombinant vaccinia viruses with truncated 5' ends, hence
lacking NSm, were synthesised, processed and transported to
the Golgi complex and stably retained in the Golgi membranes
(Matsuoka et al, 1988; Wasmoen et al, 1988).

VIRUS REPLICATION CYCLE

The main stages of replication are as follows:

Attachment and entry

The early events in the infection process of members of
the Bunyaviridae are not well understood (Schmaljohn and
Patterson, 1991), but, in common with other enveloped
viruses, one or both of the integral viral glycoproteins
mediate attachment to host-cell receptors. Obijeski et al
(1976b) showed that when LAC was treated with proteolytic
enzymes, the virus particles became ‘spikeless' and this
resulted in a five-log reduction in infectivity as compared
to the untreated virions. Using polyclonal and monoclonal
antibodies to block infection or haemagglutinating activity
and with limited digestion with bromelain or pronase which
degrade part of Gl1, it has been concluded that Gl is the
more actively involved glycoprotein in binding to host cells
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(Gonzalez-Scarano et al, 1982; Grady et al, 1983; Kingsford
and Hill, 1981; Kingsford et al, 1983). However,
neutralising and haemagglutination inhibition sites have
been found on both the Gl1 and G2 proteins of HTN (Arikawa
et al, 1989; Dantas et al, 1986).

Fusion, which is pH-dependent, is thought to be part of
the early events in the infection process, especially at the
point of translocation of RNA and proteins into the host
cell cytoplasm. Marsh and Helenius (1980) described entry
of Semliki Forest virus into cells by endocytosis via coated
vesicles. These endosomes were shown by Tycko and Maxfied
(1982) to be acidified and acidification triggered release
of the nucleocapsid into the «cell cytoplasm. A similar
series of events was observed for RVF in which viral
particles appeared to enter cells in phagocytic vacuoles by
electron microscopy (Ellis et al, 1988). It is assumed the
same events occur for other members of the family

Bunyaviridae.

Genome replication

In negative strand viruses, the <change from primary
transcription to replication needs a switch from mRNA
synthesis to synthesis of full-length cRNA templates and
then vRNA. These steps are schematically illustrated in
Fig 1.8 using S RNA as an example.

The events involved in making the switch from mRNA
synthesis to synthesis of full 1le %F%mﬁgﬁgA templates and
vRNA are not understood. However, , some signal to suppress
the termination signal responsible for generation . of .
truncated mRNA and also to prevent the addition of capped
and methylated structures to the 5' termini of the cRNAs
(Schmaljohn and Patterson (1991). It is known that
continuous protein synthesis is necessary for replication of
the genome as translational inhibitors such as cycloheximide

interfere with this process. The actual protein that may be
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important in the switch from mRNA synthesis to replication
is not known but a candidate could be nonstructural protein
NSs, in those viruses which encode it.

Viral assembly and release

Although assembly of the bunyaviruses occurs by budding
at the smooth membrane vesicles of the Golgi apparatus
(Murphy et al, 1973; Kuismanen et al, 1982; Ellis et al,
1988), reports of budding at the plasma membrane and
possibly the ER have been made. When RVF was grown in
primary hepatocyte cultures, growth kinetics were comparable
to those seen in other permissive cell lines but maturation
was associated with budding at cellular surface membranes in
addition to the Golgi and ER membranes (Anderson and Smith
(1987). Maturation at the plasma membrane was also reported
by Madoff and Lenard (1982) for LAC in BHK 21 cells.

The actual mechanisms of budding are not understood but
it has been suggested that budding involves a transmembrane
interaction between membrane glycoproteins and other
components of the virus in the cytoplasm, followed by
pinching off from the membrane surface (Lenard and Compans,
1974). The importance of the glycoproteins in the process
of maturation has been demonstated by use of glycoproteins
expressed via vaccinia virus or Dbaculovirus. The Gl and G2
of HTN, RVF and PT viruses translocated to the Golgi in the
absence of other viral glycoproteins (Pensiero et al, 1988;
Matsuoka et al, 1988; Wasmoen et al, 1988). Studies on ts
mutants of UUK defective in virus maturation also showed
that Gl and G2 are 1localized in the Golgi even if virion
maturation failed to occur (Gahmberg, 1984; Gamberg et al,
1986a). Smith and Pifat (1982) suggested that
transmembranal recognition between the viral glycoproteins
and the nucleoproteins induced budding.

Budding is followed by the virions acquiring their
lipid bilayer from the host cell membranes as most other
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host cell membrane proteins are excluded from the viral
particles. The viral particles are transported in vesicles
to the plasma membrane where fusion of the vesicles and the
cellular plasma membrane occurs and the release of the viral
particles takes place, presumably by normal exocytosis.

Effects of viral replication on host cells

The c.p.e. observed in cultured cells infected with
members of the family Bunyaviridae vary considerably,
depending on the virus and the type of host cell. Viruses
of all genera except the Hantavirus dgenus alternatively

replicate in vertebrates and arthropods. The viruses are
cytolytic for their vertebrate hosts but not their
invertebrate hosts (James and Millican, 1986; Lyons and
Heyduck, 1973). 1In infections of mammals, there appears to
be both organ and cell tropism. For example, bunyaviruses
like LAC appear to be neurotropic (Parsonson and MacPhee,
1985) whereas the RVF phlebovirus is primarily hepatotropic
(Anderson and Smith, 1987; Anderson et al, 1987; Easterday,
1965; Peters et al, 1988). The HTN hantavirus replicates
and remains pefsistent in rodent 1lungs (Lee et al, 1981).
The mechanism for this apparent tropism 1is not well
understood but Sundin et al (1987) working with LAC variant
and revertant viruses suggested that the specificity resided
in the Gl glycoprotein and probably at the 1level of
attachment to host cells.

Bunyaviruses and phleboviruses have been shown to cause
a reduction in host-cell protein synthesis which increases
with progression of infection (Pennington et al, 1977, for
BUN; Madoff and Lenard, 1982, for LAC; Parker et al, 1984,
for RVFV). Similar reduction in host-cell protein synthesis
has not been observed in UUK infected cells (Pettersson,
1974; Ulmanen et al, 1981), nor in Dugbe nairovirus infected
cells (Cash, 1985). Some host protein synthesis reduction
was, however, observed when Xenopus laevis cell line was
infected with Clo Mor, a Scottish nairovirus and St Abb's
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Head phlebovirus (Watret et al, 1985). On the other hand,
hantaviruses have not been demonstrated to cause reduction
in host protein synthesis (L H Elliott et al, 1984;
Schmaljohn and Dalrymple, 1984), but often establish
persistent, non-cytolytic infections in susceptible
mammalian host cells. This observation is consistent with
the documented non-pathogenic persistence 1in their natural
rodent hosts (Lee et al, 1981).

GENETICS OF BUNYAVIRIDAE

Evolution of Bunvaviridae

The plethora of viruses and the multiplicity of
serogroups that comprise the family Bunyaviridae suggest
that viruses in this family have considerable evolutionary
potential (Beaty and Calisher, 1991). This evolutionary
potential will result in viruses with altered virulence and
other characteristics like new viral phenotypes capable of
infecting new vector species. New viruses of potentially
significant epidemiologic consequences may also result
{Beaty et al, 1988). Natural host vectors provide many
opportunities for the evolution of the Bunyaviridae by
intramolecular changes in the viral genome, such as point
mutations, sequence deletions, inversions, etc (genetic

drift) and RNA segment reassortment (genetic shift).

Genetic drift

Most of the 1life <cycle of bunyaviruses, nairoviruses
and phleboviruses occurs in the vector host. If
transovarial transmission occurs, viruses may persist
through generations of infected arthropods without being
transmitted to the vertebrate host. As with other negative-
strand RNA viruses, such conditions will enhance nucleotide
sequence deletions, inversions and point mutations (Holland
et al, 1982). This was explained in part by the absence of
proof-reading exonucleases and the high error rate of RNA
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polymerases (Holland et al, 1982). For members of
Bunyaviridae, it has been shown that no two isolates of LAC
recovered from nature had identical genome segments, as
demonstrated by oligonucleotide fingerprints (Bishop and
Beaty, 1988). This was true for LAC isolates obtained at
the same place at the same time, the same place at different
times, and different places at different times. Low-passage
SSH virus isolates from mosquitoes exhibited different
fingerprints (Beaty and Calisher, 1991). In contrast, SSH
and LAC viruses derived from the original prototype and
maintained by lytic passage in different laboratories for
many years had identical oligonucleotide fingerprints (Beaty
and Calisher, 1991). Genetic stability has also been
demonstrated during 1long-term persistent infections of
vectors with some bunyaviruses in the 1laboratory (Bilsel
et al, 1988; Baldridge et al, 1989). This involved
passaging of plagque purified viruses transovarially for two
generations in vectors and horizontally to mice during each
generation. Examination of o©ligonucleotide fingerprints at
each stage showed them to be identical. This state of
affairs indicated that genetic instability occurs more

frequently in nature.

Genetic shift

The segmented genome of the Bunyaviridae provides the
chance for virus evolution to occur through RNA segment
reassortment during dual infection of cells. High frequency
reassortment of members of the family have been documented
to occur in vitro, in vivo and in nature. In the laboratory
reassortment has been shown to be restricted to viruses
within a genus, and even within a dgenus reassortment was
confined or only possible among some closely related members
within serogroups (Gentsch and Bishop, 1976; Gentsch et al,
1977b, 1979; Ozden and Hannoun, 1980; Iroegbu and Pringle,
1981; Rozhon et al, 1981; Pringle et al, 1984; Pringle and
Iroegbu, 1982; R M Elliott et al, 1984; Janssen et al, 1986;
Bishop, 1988). Klimas et al (1981) showed by genotypic
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analysis of natural isolates of LAC that RNA segment
reassortment occured between topotypes of LAC and Shark
River and that Pahayokee virus may be a reassortment of LAC
and Shark River viruses (Bishop and Shope, 1979). Shope
(1985) analysed seven group C viruses from the Utinga Forest
in Brazil. These viruses segregated into three groups by HI
and NT tests which assay for the gene products of the M RNA
segment. However, the viruses segregated into three
alternative groups by CF tests, which assay mainly the gene
products of the S RNA segment. This suggested that
reassortment of RNA segments was occuring between the
group C viruses. For example, two of the group C virus,
Caraparu and Itaqui, share vector and vertebrate hosts and
are identical by CF tests, but differ 1in their HI and NT,
i.e. one cannot induce HI or NT antibodies to the other in
the vertebrate host. This meant that their M RNA segment
gene products differ.

Although reassortment is typically restricted to
viruses from a given serogroup, suggesting the serogroups
con%@tute gene pools that are evolving divergently,
serologic relationships have been observed between different
groups. Whitman and Shope (1962) found serologic
relationship between Guaroa virus and the California group
viruses by NT test and to the Bunyamwera group viruses by
CF.

High frequency reassortment of members of the
Bunyaviridae occurs in vitro in vertebrate cell cultures but
has not been detected in vivo 1in vertebrates (Bishop and
Beaty, 1988). Lack of reassortment may be due to the
ephemeral nature of infection in reservoir hosts, the
relatively 1low-level viraemia, and the production of
antibody, all of which 1limit the chance that two viruses
infect the same cell (Beaty and Calisher, 1991). High-
frequency reassortment has not been demonstrated in vectors.
There appears to be only a small window of time for dual
oral infection to occur in arthropod vectors. Within two to
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three days after ingestion of one virus, mosquitoes become
resistant to superinfection with a second closely related
virus (Beaty et al, 1985; Sundin and Beaty, 1988). However,
some mosquitoes may preclude this interference when the
defensive behaviour of the host interrupts the mosquito
during engorgement. The vector will engorge on an
alternative host (Beaty et al, 1988). The ability to
engorge from two hosts raises the potential for infection by
different viruses and could permit dual infection and

subsequent segment reassortment.

Temperature-sensitive mutants

Some 200 temperature sensitive mutants have been
isolated from 11 viruses in the family Bunyaviridae. Ten of
these viruses belong to two serogroups, California and
Bunyamwera of the Bunyavirus genus. The other one belongs
to the uukuvirus group of the Phlebovirus genus (Pringle,
1991). The majority of these mutants . were generated by
chemical mutagenesis using either 5-fluorouracil,
b-azacytidine or N-methyl-N'-nitrosoguanidine (Gentsch
et al, 1977b, 1979; Bishop, 1979; Ozden et al, 1978, 1980;
Iroegbu and Pringle, 1981; Pringle and Iroegbu, 1982;
Gahmberg, 1984). A significant feature of these mutants has
been the recovery of mutants assignable to two reassortment
groups rather than the three expected from the tripartite
structure of the genome. Maguari virus of the Bunyamwera
serogroup is the exception. One mutant of the 46 ts mutants
isolated from mutagenized wild type Maguari virus, mutant
tsMAG23(III), recombined with all members of panels of
mutants representing reassortment groups I and II and two
putative double I+II mutants, thus identifying the third
reassortment group (Pringle and Iroegbu, 1982). Unlike
group I and II mutants, tsMAG23(III showed marked host cell
dependence as evidenced by at 1least 100-fold less plaque-
forming ability on BS-C-1 cells and 1,000-fold lower yields,

compared to wild type.
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Temperature-sensitive mutants have been important tools
in the investigation of gene function, definition of genetic
basis of virulence and the delineation of the extent of
reassortment and the limits of gene exchange.

At the moment assignments of the group I, II and III
lesions are mapped to lesions in the S RNA, M RNA and L RNA,
respectively. This is true for the Bunyamwera serogroup in
the Bunyavirus genus but not the California serogroup in the
same genus, where apparently no N gene mutations and many L
gene mutations have been observed (Pringle, 1991).

INTERFERENCE AND PERSISTENT INFECTION

Defective interfering particles

Most animal viruses can establish persistent
infections. One of the mechanisms of dinitiation and
regulation of persistent infections involves defective-
interfering (DI) particles: a class of animal virus mutants
that share a number of common properties. These are the
inability to propagate in the absence of a helper virus
(defectiveness), the ability to be complemented by helper
virus and therefore multiply in the presence of helper
virus, the ability to decrease the yield of the wild type
virus (interference), and the ability to increase their
proportion of the yield from cells co-infected with wild-
type virus (enrichment) (Huang and Baltimore, 1977).

The defectiveness of DI particles indicates that they
have a lesion in some essential gene which appears to be a
deletion, but there exist possibilities for point mutations
Oor gene rearrangements. Interference by DI particles is
specific against the standard virus from which a particular
DI particle arose or a serologically closely-related virus.
The ability of host <c¢ells to support interference by DI
particles varies but host functions that control these

variations are not known (Huang and Baltimore, 1977).
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DI particles of negative-strand viruses

For most of the negative-strand RNA viruses, DI
particles appear to be identical to the standard virus in
their protein composition and overall morphological
characteristics. Most of the information has come from
vesicular stomatitis virus and Sendai virus. By use of
velocity sedimentation and hybridisation, it was shown that
the DI RNA of VSV and Sendai virus was a deleted form of the
standard RNA (Huang and Wagner, 1966a; Brown et al, 1967;
Schaffer et al, 1968; Kingsbury et al, 1970). It was also
shown, by . RNA-RNA annealing, that a given DI particle
contains a specific portion of the standard virus genome and
not random pieces encapsidated into mature DI particles
(Schincariol and Howatson, 1972; Stamminger and Lazzarini,
1974). Hybridisation studies of DI genomes from purified
VSV DI-particles with mRNA fractions obtained from VSV-
infected extracts and with mRNA synthesised in vitro
(Leamson and Reichmann, 1974; Stamminger and Lazzarini,
1974; Schnitzlein and Reichmann, 1976; Adler and Banerjee,
1976; Roy and Bishop, 1972) showed that DI RNAs originated
from the 5' end of the standard virus genome. However, a DI
particle isolate of VSV (Indiamastrain) was reported to have
a deletion in the 3' end and exhibited other wunique
characteristics like heterotypic interference with VSV New
Jersey strain (Prevec and Kang, 1970; Schnitzlein and
Reichmann, 1976). Additional evidence showed that some DI
particles had internal genome deletions with the intact 3'
and 5' termini of standard VSV (Perrault and Semler, 1979).
DI particles from VSV could sometimes contain (-) strands
(Roy and Bishop, 1972; Stamminger and Lazzarini, 1974) and
sometimes unlinked (+) and (-) strands (Roy et al, 1973;
Leamson and Reichmann, 1974; Reichmann et al, 1974;
Schnitzlein and Reichmann, 1976; Perrault and Leavitt,
1977b) .
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The RNA from influenza DI particles differed from those
described for VSV and Sendai virus. It seemed that the DI
particles lost, partially or completely, the largest segment
of viral RNA (Duesberg, 1968; Choppin and Pons, 1970).
However, other data suggested that influenza virus did not
always lose a particular segment (Bean and Simpson, 1976;
Nayvak et al, 1978) but there appeared to be a relative
reduction of one or more of the four largest viral RNA

segments.

In the Bunyaviridae family, the existence of DI
particles and their role in persistent infections has not
been directly demonstrated. The difficulty to characterise
such mutants may be due to the frequent inability to recover
subunit RNA in equimolar amounts from purified virus
({Elliott, 1990). Kascsak and Lyons (1978) reported
generation of particles which interfered with homologous
virus when BUN was passaged at high multiplicity in BHK
cells and these particles were shown to contain the S
segment-sized RNA. Elliott and Wilkie (1986) reported that
particles which contained only the S segment sequences were
shed from Aedes albopictus cells persistently infected with
BUN and these particles also interfered with growth of
standard virus. Later Cunningham and Szilagyi (1987)
demonstrated that the interfering particles for GER grown in
BHK cells had defects in the L-segment. More recently,
Scallan and Elliott (1992) demonstrated that defective RNAs
from persistently infected C6/36 cells (Igarashi, 1978) with
BUN had subgenomic (defective) components that originated
from the I, RNA segment by northern blotting. Patel and
Elliott (1992) characterised five BUN variants that produced
small plaques on BHK and mouse L <cells. They showed that
progeny of these variants reduced the titre of standard
coinfected virus by several hundred-fold. Analysis of
cloned cDNA to the RNA of these particles revealed internal
deletions in the L segment ranging from 72% to 77% of the
L RNA segment. The 5'- and 3'-terminal sequences were
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retained (Patel and Elliott, 1992). The same authors could
readily generate defective L and M segments in mouse L cells
but not in BHK-21 cells.

Persistent infection

Apart from the suggested involvement of defective
interfering particles in the establishment and maintenance
of persistent infections in cells, other factors including
interferon, mutations in the standard virus and inherent
resistence of the cell to a particular virus may have a role
(Huang and Baltimore, 1970). Traditionally, persistent
viral infections have been categorised into two groups. One
in which the infectious virus is present and can be
recovered biologically has been referred to as chronic.
Infectious <chronic viral infections are exemplified by
hepatitis B virus in humans (Marion and Robinson, 1983) and
lympocytic choriomeningitis virus (LCMV) in mice (Buchmeier
et al, 1980; Lehmann-Grube et al, 1983). The other group of
persistent infections involve those in which the genome is
present but infectious virus is not produced except during
intermittent episodes of reactivation and are referred to as
latent infections. The best known in this group are the
herpesviruses (Roizman and Sears, 1987; Stevens, 1989).
This kind of <classification is not fool-proof as it is
becoming apparent that the site of infection may be the
determinant of whether a given type of virus will be in a
latent or chronic productive state. This was demonstrated
by hepatitis B virus which was known to produce chronic
infections in hepatocytes but could also cause latent
infection in lymphocytes (Korba et al, 1988).

Although the actual mechanisms involved in the
initiation and maintenance of persistent infections are not
well understood, a necessary prerequisite appears to be an
inhibition of the rate of virus multiplication in the early
stages of infection, i.e. the virus should not be overtly
cytolytic and must be able to regulate its lytic potential
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(Ahmed and Stevens, 1990). This 1is not a problem for
viruses that cause non-lytic productive infections, for
example the areghviruses which survive in nature as lifelong
chronic infections of their rodent hosts (Howard, 1986;
Lehmann-Grube, 1984; Rawls et al, 1981). Lytic viruses can
get around this problem by regulating their gene expression,
i.e. by restricted expression of virus proteins or by
generation of viral variants that are 1less cytolytic or
interfere with growth of the wild type virus (Ahmed and
Stevens, 1990).

Another important component of viral !continuance
involves evasion of immunologic surveillance. This may
happen by changes in the structure or expression of the
surface viral glycoproteins by which the viruses can avoid
recognition by humoural antibodies or by changes in any
viral protein, structural or non-structural, which may be
targets for T-cell recognition. Antigenic variation is
another effective means of escape from neutralising
antibodies. This is exemplified by the antigenic shift and
drift amoung influenza viruses (Palese and Young, 1982;
Webster et al, 1982) which although does not establish
persistent infections in individuals, contibutes to the

persistence of the virus in the population.

Members of the Bunyaviridae, 1in common with other
arboviruses, do not cause serious disease 1in their
invertebrate hosts. Instead, a non-cytocidal, self-limiting
infection that leads to persistent infection ensues. The
existence of persistent infections in vertebrate hosts
probably occurs although not widely documented. Persistent
infections have been established in mosquito cell lines with
BUN, LAC and Marituba bunyaviruses and Toscana phlebovirus.
The mosquito cells showed no differences in their metabolic
activities from the uninfected ones and continued to shed
infectious virus (Newton et al, 1981; Nicoletti and Verani,
1985; Carvalho et al, 1986; Elliott and Wilkie, 1986;
Rossier et al, 1988; Scallan and Elliott, 1992). Apart from
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establishment of persistent infections 1in mosquito cells,
reports have been made of establishment 'of persistent
infections for Dugbe virus in pig kidney cells (David-West
and Porterfield, 1974) and Toscana virus in Vero cells
(Verani et al, 1984).

When BUN (Newton et al, 1981; Elliott and Wilkie, 1986)
and LAC (Rossier et al, 1988) were examined under identical
conditions in BHK and C6/36 cells it was clearly observed
that macromolecules accumulated more slowly in mosquito than
in mammalian cells. It was also demonstrated that infection
in mosquito cells still remained asymptomatic even when the
intracellular concentration of viral products reached the
same levels as those in mammalian cell infection. Except
for the L mRNA, which remained close to or below the level
of detection in mosquito cells, other viral RNAs accumulated
linearly until about 24 hours post infection then decreased
slowly over the following several days (Rossier et al,
1988). Scallan and Elliott (1992) reported that viral L, M
and S RNAs were detectable up to 72 hours bost infection.
In BHK cells they observed more L and M segment RNA relative
to the S segment RNA, whereas in mosquito cells there
appeared to be more S segment RNA than L and M segment RNAs.
There was also marked inhibition of host protein synthesis
in BHK cells compared to the mosquito cells.

Bunyavirus RNA synthesis

Like other negative strand RNA viruses, replication of
the BUN genome requires that the infecting genome be first
transcribed into mRNA by the virion-associated
transcriptase. Most studies on RNA synthesis for members- of .
the Bunyaviridae family have concerned transcription
processes leading to the synthesis of mRNA. Little is known
about the synthesis of genomic or antigenomic RNA molecules
(Bouloy, 1991). The negative strand genome is the template
for both mRNA and antigenome (the replicative intermediates)
synthesis. Events leading to the synthesis of mRNA and
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which do not require concurrent protein synthesis are termed
primary transcription, whereas secondary transcription
occurs after the primary mRNA is translated, and genome
replication is accompanied by amplification of mRNA
transcription (Elliott, 1990).

mRNA molecules

For the bunyaviruses (Bishop et al, 1983b; Patterson
and Kolakofsky, 1984; Bouloy et al, 1984, 1990; Eshita
et al, 1985; Cunningham and Szilagyi, 1987; Gerbaud et al,
1987a), phleboviruses (Ihara et al, 1985a; Collett, 1986;
Emery and Bishop, 19867; Marriot et al, 1989) and
hantaviruses (Schmaljohn et al, 1987a) which have been
studied, all mRNAs are subgenomic, do not contain a poly A
tail at their 3' ends (as demonstrated by their inability to
bind to oligo dT-cellulose), have 10- to 18-base
heterogenous non-virus coded extensions at the 5' ends and

are capped.

These non-viral sequences have been implicated as
initiation primers in transcription and similarities have
been drawn with influenza  viruses, i.e. they utilize
cellular sequences in a ‘cap-snatch' mechanism to prime mRNA
synthesis (Krug et al, 1987). Purified LAC virions were
shown to have polymerase activity which was stimulated by
oligonucleotides of the A(n)G series and cap structures
(mGppp A). Primer extension studies of the polymerase
products showed that the oligonucleotides were acting as
primers. Addition of natural mRNAs, for example alfafa
mosaic virus RNA 4, also stimulated polymerase activity
(Patterson et al, 1984). That the intracellular mRNAs of
LAC are indeed capped was demonstrated by Hacker et al
(1990) using specific selection by anti-cap antibodies. The
difference in initiation between bunyaviruses and influenza
virus appears to be their site of action. Bunyavirus mRNAs
are synthesised in the cytoplasm, whereas those of influenza
virus are synthesised in the nucleus (Kolakofsky and Hacker,
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1991). This has been demonstrated by the observation that
transcription of influenza virus is inhibited by
actinomycin D and a-amanitin, whereas bunyavirus
transcription is not affected by these drugs.

The suggested mechanism for bunyavirus mRNA initiation
(Kolakofsky and Hacker, 1991) would be:

1 The viral polymerase, presumably attached to the 3' end
of the genome template, binds to the cap group of a host
mRNA, either directly or via a host <cell cap-binding

protein.

2 The polymerase cleaves this <chain 10-18 nucleotides
downstream of the cap, depending on the particular
sequence of the host mRNA, leaving a 3' hydroxyl group on
the capped fragment.

3 The 3' base of the fragment is then aligned on the 3'
base of the template (this need not be by base pairing;
Bouloy, 1990) and utilised as a primer for viral mRNA

synthesis).

The 3' ends of mRNA do not extend to the end of their
templates. The mRNAs are about 60 to 100 nucleotides
shorter than full 1length transcripts. This 1s important
because it makes the formation of circular and panhandle
structures via the complementary terminal sequences
difficult: such structures may interfere with translation.
When the template sequences corresponding to the 3' ends of
six mRNAs were mapped by nuclease digestion, two different
but related consensus sequences were identified. The LAC S
({Patterson and Kolakofsky, 1984) and L (Hacker et al, 1990)
and GER M mRNAs (Bouloy et al, 1990) all ended within the
sequence 3' GUUUUU 5'. The SSH (Ihara et al, 1985) and RVF
(Collett, 1986) mRNAs ended within the sequence 3' ACCCC 5'.
It has been suggested that these consensus sequences
probably are signals for mRNA termination. The mRNAs are
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not polyadenylated, but could form stem-loop structures just
upstream of their 3' ends. These stem-loop structures may
substitute for the poly (A) tail in conferring mRNA
stability (Kolakofsky and Hacker, 1991).

In the S segments of phleboviruses (Ihara et al, 1984:
Simons et al, 1990) and tospoviruses (de Haan et al, 1990)
which are ambisense, two subgenomic mRNAs of opposite
polarity are transcribed (Elliott et al, 1991). The N mRNA
is transcribed from the 3' end of the genome, and the NSm
mRNA from the 3' end of the antigenome. The open reading
frames of these transcripts do not overlap but are separated
by an intergenic region which, except for S¥F (Marri ott
et al, 1989), has the potential to form a strong stem-loop
structure. It is assumed that stem-loop structures also
form within the nucleocapsids and probably play a role in
terminating the mRNAs.

Transcriptional requirement for full length mRNA synthesis

In all negative-strand RNA virus infected cells,
addition of drugs which inhibit protein synthesis, such as
cycloheximide and puromycin, also blocks genome replication,
and has been shown for members of Bunyaviridae family
(Patterson and Kolakofsky, 1984). A difference between
other negative-strand viruses and the Bunyaviridae is that
inhibition of protein synthesis also stops mRNA synthesis in
many mammalian cell types. This was observed in BHK cells
for BUN (Abraham and Pattnaik; and Abraham, 1983), LAC (Raju
and Kolakofsky, 1986), GER (Gerbaud et al, 1987).
Contradictory results, i.e. lack of translational
requirement, were reported for SSH (Vezza et al, 1979;
Eshita et al, 1985). Resolution of this issue has not been
helped by observations in Kolakofsky's 1laboratory which
indicated that SSH has the same translational requirement as
LAC, at least in their line of BHK cells (unpublished data,
cited in Kolakofsky and Hacker, 1991). Earlier, Gerbaud
et al (1987a) reported that full-length S transcripts of GER
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could be obtained 1in an in vitro transcription system,
although the synthesis of transcripts was inhibited in cell
culture by anisomycin or cycloheximide. It was also
reported that there was hardly any translational requirement
for LAC mRNA synthesis in C€6/36 mosquito cells (Raju et al,
1989). It seems that the translational requirement is cell
type dependent.

Detergent disrupted bunyavirus preparations can
synthesize RNA in vitro, as reported by Bouloy and Hannoun
(1976), Gerbaud et al (1987), Patterson et al (1984), Ranki
and Patterson (1975) and Schmaljohn and Dalrymple (1983),
which 1is paradoxical for translational requirement.
However, detailed examination of LAC transcripts made
in vitro showed that almost all of the S RNAs were found to
have terminated prematurely at nucleotide 175; addition of
protein synthesis inhibitors did not change the situation.
Full-length S mRNA, terminating at nucleotide 886, could be
obtained only when rabbit reticulocyte 1lysate, active in
translation, was added to the transcription mixture.
Examination of the sequence at position 175 and the mature
mRNA termination site at position 886 suggested that the
sequenceS“YAAAAAT(A)GCAGS' is involved in transcription
termination (Raju and Kolakofsky, 1987).

| It was concluded that addition of cycloheximide to the
coupled transcription/translation system had no effect on
mRNA transcripts and the effect of rabbit reticulocyte
lysates in elongation of the <chain was to prevent the
polymerase from terminating prematurely. Bellocq and
Kolakofsky (1987) showed that the polymerase could be
induced to read through the termination site at
nucleotide 886 even in the absence of ongoing protein
synthesis. This was done by progressively replacing the
guanosines of the nascent <chain with inosine. It was
revealed during these studies that position 175 was only the
first and probably the strongest of several sites where the
polymerase would terminate prematurely in the absence of
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translation. When the uridines were replaced with bromo-
uridine, an opposite effect was obtained, i.e. there was no
premature termination of the chain and this suggested that
premature termination was due to base pairing of the nascent
chain and the template and that concurrent translation of
the nascent chain was required to break these interactions.
In the presence of concomitant protein synthesis, ribosomes
moving along the nascent mRNA behind the polymerase prevent
the mRNA from hybridising to 1its template and hence the
polymerase reads through (Bellocq and Kolakofsky, 1987;
Kolakofsky et al, 1987). This theory, however, does not
explain the in vitro full-length S mRNA synthesis of GER in
the absence of active rabbit reticulocyte lysates, reported
by Gerbaud et al (1987).
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