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ABSTRACT

Hantaan virus strain 76-118, a protQFY§g virus causing
hemmérhagic fever.‘with renal syndromei;(HFRS) previously
known aS«Koreén hemorrhagic fever (KHFfi and serologically .
related viruses are widely distripéted throught the world.
éenomic' analysis demonstrated that hantaviruses possess
three species of BNA in the virions. The large (L) RNA
segment of Hantaaﬂ virus was estimated to have a molecular
weight of 2.2 X 108, and the molecular weights of the
middle (M) and small (S) RNAlsegments were estimated to be
1.25 X 106 and 0.6 X 106, respectivelf. When genomic RNAs
of three other hantavirus isolates, Prospect Hill, USSR
cg38-83, and ROK 83-109, were compared, similar but
distinct tripartite genomic RNA profiles were observed. The
molar ratios' of the three genomic RNA segments of
hantaviruses were not egqual. The molar raticos of L : M : S

RNA segments were £ : 1.6 : 2.2, 1 : 3.3 : 6.3, and 1 : 2.2
. 3.6 for Hantaan virus strain 76-118, Prospect Hill, and
USSR ¢g38-83, respectively. Four structural . proteins of
Hantaan virus with estimated molecular weights of 180 K, 70
K, 55 K and 44 K, were identified by SDS-PAGE. These four
proteins 'correspond well to the structural proteins of
bunyéviruses. These pfoteins were believed'to be the RNA
'polymerase' (LY, two ' glycoproteins (Gl and Gz) and
nucleocapsid protein (N) of h;ntavirus, ‘respectively.

. N -
"Structural features; a tripartite RNA genome and four

-
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structural proteins suggest that Han;gviruses belong to the
family Bunyaviridae. : ‘ . %
The cDNA clone banks were qpnstructed:‘using randon
primers as well as specific primers representing the 3!
terminal sequences of the genomic_segment§. Clones were
grouped by Southern blot-cross hybridization and_as3igned
§§“each genomic segment by Northern blot hybridization. The
5; terminal clones of the M and‘s RNAs were constructed by'
dCTP tailing and olige (4G) priming using two oligo-
nucleotidés deduced from nucleotides 3545-3500 of the M RNA
and 1585-1600 of the S RNA. The clones containing the 3¢
terminal sequence were screened 'by oligop&;leotide
hybridizatiqg using labeled pri;e;s as probegjy‘Physical
maps of the cDﬁA clones representing the M and S RNAs were
constructed on the basis of cross hyﬁridizatiop and
Northern blot analyses. Complete nucleotide.sequences.of
the M and S RNAs were determined, using <¢DNA clones
fepresenting the genomic RNA segments, by the dideoxy-
nucleotide’ chaiﬁ termination method. As with other
bunyaviruses, inverted complementary ééguences of 20
nucleotides and 22 nucleotides in length ;ere present at
both .termini of the M and $§ RNA, respectively. Two
mismatches were seen in the complementary termini for the M
RNA and three mismatches were observed for the S RNA. The M
RNA segment of Hantaan virus contains 3616 nucleotides with
a single large open reading frame in the antigenomic 'sense.

This large open reading frame was capéble of encoding a
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polypeptide of 1135 amino acids (126 KDa). This putative—~—

Ty,

gene product is a possible precursor of the Gl and G2 viral
envelope glycoproteins. Seven potential asparagine—liﬁked
glycosylation sites were found to be scattergd throughout
Lthe predicted protein sequence. A hydropathy plot suggested
that the typical signal sequence were Jlocated at both the
Gl and G2 proteins. Transmembrane anchor domains were
present at carboxy termini of both the Gl and G2 proteins.
These features of both the Gl and G2 pfoteins resemble the
properties of a tfpicql glycoprotein. No other open reading
frames were found which would, proéuce any functional
proteins.

The complete sequence of the- S RNA was 1694
nucleotideé long. One large open reading frame was found in
the viral complementary sequence. This reading frame is
eépable of encoding a polypeptide of 367 amino acids‘with a
molecular weight of 41 K. This polypeptide is a possible
nucleocapsid protein; A region encoding a nonstructural
protein, characteristics of certain bunyaviruses, does not
seem to exist on the S RNA segment of Hantaan virus.

de viral specific intracellular RNAS j:1 subgenomic
length were identifie@ using strand-specific cDNA probes.
fhe polarities of these +two intracellular RNAS were
complementary to the M and S genomic RNAs. This observation
is. consistent with the ngcleotide‘ sequence data which
~revealed a single large open reading frame in the anti-

genomic sense RNA of both the M and S RNA of Hantaan wvirus.
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“ // A full length cDNA clone specific for the M RNA was
\H“hfvrjﬁbonstructed and subsequently modified, to remove the non-
coding” flanking ﬁéquences and to contain a- trinucleotide
ACCY immédiately upstream of the translation-initiating ATG
codon -of tﬂe glycoprotein gene, using oligonucleotide-
directed mutaéenesis. The modified élycoprotein gene was
subcloned into a baculovirus transfer vector pAcYM1.

Following cotransfection of Spodoptera frugiperda cells

with the recémbinapt transfer vector and the DNA of
Autographa californica nuclear: polyhedrosis virus (ACNPV},
polyhedrin-negative recombipant baculovirus was isolated.

S. fruqipérda cells infected with the recombinant baculo-

virus synthesized the Gl and G2 envelope proteins of
- Hantaan virus. ?urthermore, the glycoprotein precursor was

cleaved in S. fruaiperda cells.
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1.1 Literature review of the Hantaan Group of Viruses

1.2.1 Historical Background of Hemorrhagic Fever with Renal
Syndrome

Hemorrhagic fever is a term that first came into
general use during the Korean War (1950-1953) when over
3,000 United Nations troops developed the disease and were
hospitalii%d with capillary hemorrhages and acute renal
failure (Smadel 1953). This disease has become known as
Korean hemorrhagic fever (KHF). Diseases similar to KHF had
been reported as Songo fever or epidemic hemorrhagic fever
(EHF) in cChina (Ishii et al. 1942), as hemorrhagic
nephroso-nephritis in the Soviet Union (Smorodintsev et al.
1544), as nephropathia epidemica (NE) in Scandinavian
countries (Myhrman 1951), and as epidemic nephritis in
Eastern Europe (Gajdusek 1962). In spite of much effort,
littie was known of ‘the etiologic agent of the disease
until, in a major breakthrough, Lee H. et al. (1978)
reﬁorted thé-isdlation of the long-sought causative agent
of Korean hemorrhagic fever from the pulmonary tissues of

the striped field mouse, Apodemus agrarius, captured in the

KHF endemic area. The agent was named Hantaan virus after
the river which runs through the endemic region near the
demilitafized zone in Korea. Virus isolation has made it
possible to study the nature of the diseése, the possible
vectors, and its relation to similar clinical syndromes

occuring elsewhere in the world. The World Health
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L\.____Q;r:gani'zation (1982) recommended the name hemorrhagic fever
with renal syndréﬁe‘(HFRS) for Korean hemorrhagic fever and
closely related diseases with an associated renal syndrome.
The prototype virus Hantaan strain 76-118 was'adapted to
Fisher and Wistar rats (Lee P. et al. 198lc), and was
subsequently adapted to growth in two continuous cell
lines, A549 human lung carcinoma cells (Freﬁch et al. 1981)
~and Vero Eé cells (McCormick et al. 1982). In vitro
propagation of Haﬁtaan virus was qﬁickly followed by
development of an immunofluorescent antibody assay for
serological diagnosis and sero-epidemiological studies.
1.1.2. Epidemiology of Hantaan and Related Viruses
A number of viruses ‘antigenically related to but
distinguishable from Hantaan wvirus strain 76-118 have been
isclated from various geographic regions and reservoir
hosts (Table 1)l Three epidemiological types of
hantaviruses (a c¢ollective name -of Hantaan and
serologically related viruses, Desmyter et al. 1984,
Schmaljohn et al. 1985) have been reported according to the
outbreak and the host. These are rural, urban, and
experimental animal types (Lee H. 1982a). Among 9 species
of field rodents in the rural endemic area in Korea, only
Apodemus mouse spgcies harbor Hantaaﬁ virus (Lee H. et al.
1978, 1981a). Puuﬁala and Hallnas strains were isolated
from the lungs of bank voles (Clethreonomvs glareolus) in
Finland and Sweden (Brummen-Korvenkontio et al. 1980,

Ve
Yanagihara et al. 1984). Discontinued distribution of



Virus Host - Location Disease
Hantaan 76-118 1 Apodemus , Korea severe KHF
ROK 83-109 2 Human Korea severe KHF
Urban Rat 80-39 3 Rattus Korea mild KHF
Tchoupitoulas 4 Rattus La, UsSA . ?

' Girard Point 5" Rattus _PA, USA ?
Prospect Hill 6 Microtus MD, USA ?
SrR-11 7 Fisher Rat ’ Japan HFRS
Puumala & Clethreonomys Finland - NE
Hallnas ° Clethreonomys Sweden ) NE
USSR cg38-83 10 - Clethreononys USSR NE
a-9 11 T~ Apodemus - ¢ China severe EHF
R-22 12 Rattus China mild EHF
B-1 13 Fisher rat Japan mild HFRS
GB-B 14 Wistar Rat England HFRS

Table 1. Virus Isolates Associated with Hemorrhagic Fever
with Renal Syndrome

References; 1) Lee et al. 1978; 2) Personal communication
with H. W. Lee; 3) Lee et al. 1982; 4) Tsai et al. 1982;
S) LeDuc et al. 1982; 6) Lee et al. 1982; 7) Kitamura et
al. 1983; 8) Brummer-Korvenkontic et al. 1980; 9)
Yanagihara et al. 1984; 10) Personal communication with G.
van der Groen; 11) Song et al. 1983; 12) Song et al. 1984;
13) Yamanishi et al.. 1983; 14) Lloyd and Jones 1986.
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Apodemus mice from Asia to Europe sugges%s the bank vole is
a reservoir of nephropathia epidemica (NE) in 3candinavia
and the Western USSR (Brummer-Korvenkontioc et al. 1980,
Yanagihara et al. 1985, Casal et al. 1969, Niklasson and
LeDuc 1984). Virus-infected rodents excrete large amounts
of virus 1in saliva, feces, and urine. Particularly in
u;ine, virus is secreted for at least 12 months (Lee H. et
al. 1%8la). Two seasonal peaks o? high incidence seem to
occur, one in the late spring and‘a larger peék in the late
fall (Earle 1954, Gauld and Graig 1954, Lee H. 1975, Xu et
al. 1985). The seasonality of high transmission of virus to
man is linked to increased prevalence of Hantaan virus in
.Apodemus micez’ their reproductive stages, environmental
factors, and occupational risk in man (Lee H. 1982a,
1982b). The greatest incidence of nephropathia epidemica
is also obserééd in~ the late kall in northern Scandinavia
with 10,000-20,000 cases annually. In this area, bank vole
populations are highly cyclic, with a peak in numbers-
followed by a dramatic crash, about every 4 years (Johnson
1580, LeDuc 1987). Large outbreak. havg frequently occurred
during military operations with massive field exposure
(Brown 1916, Lee H. 1982b, Sutton 1985, LeDuc 1987);

A new HFRS-related virus +has been identified in
Microtus species captured in Prospect Hill, Maryland (Lee
P. et al. 1%982a, Childs et al.??;85). Immunofluorescent

antibody studies and radioimmunocassay have demonstrated

that this new wvirus 1s cross-reactive to but
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distinguishable from other hantavirusqé {Ilee P. et al.
1982a, 1985a,- Schmaljohn ‘et ai:j- 1985). Although the
) dlfnical‘ feaéures-.of-.Prosp;ct ‘Hill virus infection a;é
unclear, the virus appears to be widely distributed among
indigenous wild rédents in the USA.(Childs et al. 1985,
Yanagihara et g;. 1987).

Many cisés of HFRS have been reported in individuals
who reside in ugbaﬂ centers (Tamura 1964, Lee H. et al.
1980). It-has been concluded that domestic rats [(Rattus
‘ rattus) are the source of the urban disease (Lee H. et al.
1980, Chumakov and Garvrilovskafa 180, Lee H. et al. 1982,
Song et al. 1984, Sugiyama* et al. 1984). When
investigations were performed at several port cities in the
USA, a large number of captured rats were positive for
Hantaan virus antigen and antibody. Ip'is hyboiﬁésized that
domestic rats  infected with a hantavirus Pay have
disseminated through international shippingxs By indirect
fluorescent antibody techniques (IFA) and plaque reduction
neutralization te;ts (PRNT), the urban rat hantaviruses
were different from Hantaan virus (Tsai et al. 1982, LeDuc
2t al. 1982, Lee H. et aa. 1980, Lee P. et al. 1985c).
Laboratory—associétéa outbreaks of HFRS have b;en
documented amoné laboratory staff. An outbreak in a Moscow
institute involving 82 laboratory personnél was related to
introduction of large numbers of voles captur;d in an

endemi: area (Casals et al. 1966). Laboratory-acquired

infecticns have been reported in Japan and Xorea (Umenail
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1879, Lee and Johnson 1982). Antibodies against Hantaan
virus strain 76-118 have been demonstrated both in patients
-and in th.e rats they handled. Infected labc;raﬁory rats are
found in Japan fxot only in scientific institutions but also
in commercial distfibution. The infection pattern indicates
that transmission is due to infectious aefosols. Unlike
other bunya\}irif';es, the rodent vector with long-term
viruria and aerosol transmission su;;gest that hantaviruses
have no need for arthropod' vectors (Tfaula’ et al. 1954,
‘Umenai et al. 1979, Lee H. ety al. 1981k, Bishop et al.
1s80a). S;‘.milar observitions involving laboratory outbreaks
have been made in 'E-‘inland, Belgium,. France, the United
Kingdom, and i;u the Netherlands (Desmyter et al. 1983,
Dournon et al. 1984, 6sterhaus et al. 1984, Lloyd et al.
1984).

Serocepidemiological surveys have suggested that the
geographical distribution of HFRS is nearly worldwide. The
Serolcgically confirmed, severe form of HFRS has been
described in Korea, China, Japan, and the Eastern part of
the USSR (Lee H. 1978, Mery et al. 1983). Serologically
confirmed cases of mild HFRS have been reported as NE in
Sweden (Niklasson et al. 1983, Svedmyr et al. 1982),
Finland (Brummer-Korvenkontio et al. 1983), Norway (Svedmyr
et al. 1979, 1982), as a mild form of epidemic hemorrhagic
fever (EHF)': in China (Song et al. 1984, Chen et al. 1986),
as epidemic 'rfephritis in Yugoslavia, Hungary,
Czechoslovakia‘ {Gresikova et al. 1984), Greece (Gajdusek

f

/
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1982, Antoniadis et al. 1984), France (De Ligny et al.
1584, Ddurnon'et al. 1984, Chanard et a%L_}?géi' Belgium
(van Ypersele de Sttrihou et al. 1983, van der Groen et al.
1983a, 1983b), and Scotland (Walker et al. _1984).
Antibodies against Hantaan virus strain 76-118 have also
been detected in sera from humans withéut notable disease
as well as in rodents on thé American continent {(Tsai et
al. 1982, LeDuc et al. 1984, Lee H. et al. 1984, Yanagihara
et al. 1987, Lee P. et al. 1985b, Childs et al. 1985), in
the Pacific and South East Asia £Chen et al. 1986, Leé P.
et al. 198la, 1981b, Diwan et al. 1983),‘ in Africa
(Gonzales et al. 1984), and in Europe (Lee P. et al. 1982c,
Svedmyr et al. 1952, van der Groen 19835; Gresikova et al.
1984, Gavrilovskaya et al. 1983). 1In -the European
population, the prevalence of antibeody against Hantaan

virus strain 76-118 was estimated to be 2.1% (van der Groen

1987) .

1.1.3. Clinical Manifestations, Sero—-diagnosis, and

~. . S
Treatment of Hemorrhagic Fever with Renal Syndrome

Until serological diagnosis was developed, KHF was
diagnosed only on <c¢linical grounds. Its ﬁypical
manifestations are _fever, prostration,‘ vomiting,
proteinuria, hemorrhagic phenomena, shock, and renal
failure. The incubation period is generally 2-3 weeks. Mild
and moderété forms of the disease occur frequently, but
there had been no way to identify these forms of KHF. The

severe form of KHF is divided into five phases according to

s
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clinical, laboratory and pathophysiological findings-
feﬁrile, hypotensive, oliguric, diureéic, and convalescent
phases (Earle 1954, Smadel 1953, Gajdusek 1962). The
overall death rate is 6—8%; but in certain outbreaks case-
fatality rates have been reported as high as 33 % or more
(Earle 1954). Nephropathia epidemica, which is a mild form
of HFRS found in Europe, has shown clinical features
similar to KHF (Chumakov and Garvrilovskaya 1980,
Lahdevirta 1982). Clinical symptoms include sudden onset,
fever, abdominal or low bagk‘paiq and evidence of fenal
dysfunctioen. Féfalities are rarely seen. Perhaps the most
common feature of NE and the Far Eastern form is the fénal
manifestation (Lahdevirta 1982, Gajdusek 1962). Very severe
forms of European HFRS have been recently reported in
Balkan countries including Bulgaria and Greece (LeDuc et
al. 1986a). This severe form is characterized by more
'frequent occurrence of shock and hemorrhagic manifestations
‘with mortality rates ranging from 15 -35 % (LeDuc 1987).

Using Bantaan virus strain 76-118, indirect iﬁmuno-
fluorescent antibody (IFA) tests have been appliéd to
diagnose HFRS by demonstration of rising titers against
hantavirus. The IFA using Hantaan-infected A 549 cells or
Vero E6 cells (French et al. 1981, McCormick et al 1982,
Kitamﬁ;a et al. 1983) is’superior to-infec£ed Apodemus lung
sectiéns (Lee H. et al. 1978) because of the ease of sample

preparation and the reduced 1likelihood of either

contamination with other agents or non-specific
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fluorescence (Goldgaber et al.“{982, Song et al. 1983, Lee.
B. et .al. 1982b) . Howev%;, the specificity of immuno-
fluorescent titer is gé;én doubtful. Plague. reduction
neutralization tests are more specific for Hantaan and its
variants (Lee P. et al. 1985b, Takenaka et al. 1985). But
this technique 1is somewhat cumbersomé due to the
diffi;ulties in plaque formation and 1long- incubation
periecds (12-18 days). Apparently, a rapid,lsensitivg, and-
more specific diagnostic tool is needed (Tkachencho et al.
1981, Goldgaber et al 1985).

The treatment of HFRS patients is mainly supportive.
Hemodiélysis pefformed during acute renal failure has been
beneficial (Cohen 1982, Lee H. 1082a). A lethal suckling
mouse model has been very recently déveloped {McKee et al.
1985, Kim and McKee 1985), and ribavirin therapy has been
tried with certain limits in suckling mice (Huggins et al.
1986) . No immuno-prophylaxis is available yet. Production

of a vaccine for HFRS is a definite goal.

1.2. Literature Review of the Family Bunvaviridae

Recent studies 'of the physico-chemical and
morphological properties of Hantaan virus suggest that
Hantaan virus is bunyavirus-like (Lee H. 1982a; White et
al. 1882, BHBung et al. .1983). Thus, the general
characteristics of the Bunyaviri?ae are reviewed. Among the
five Jamilies o©of negative-stranded RNA viFuses, the

Bunyaviridae includes most of the arthropod-borne wviruses



10
comprising over 200 viruses which infect vertebrates and/or
invertebrates (Porterfield et al. 1973/74, 1975/76). Four
genera of viruses, Bunyavirus, Nairovirus, Phiebovirus, and
Uukuvirus, have been established according to serologic and
some limited molecular analyses (Bishop et al. 1980a). In'
addition, some viruses such as the Bakau serogroup, Kaisodi
group, Mapputta group, Thogoto group, Turlock group, and
several unassigned viruses have been considered as possible
members of the family (Bishop et al. 1980a). In this
‘review, bunyavirus as a general term will be used to.
represeﬁt all the viruses within the family Bunyavifidae.
1.2.1. Geromic Composition of Bunvaviruses

The genome of bunyavirusés is composed of three unique
species of RNA designated the large (L), medium (M), and
.small (S) segments (Bouioy et al. 1973-74, Pettersson and
Kaarianen 1973, Clewley et al. 1977, Gentsch et al. 1977a,
Obijeski et al. i976b, Ushijima ét al. 1980, Robeson et al.
1979, Pettersson et al. 1977). Gel electrophoresis of the
" genomic segments has shown that the L, M, and $ RNA species
in most bunyaviruses have Lmolecular weights of
approximately 3 X 105, 1.5-2.0 X 10%, and. 0.5-0.8 X 106,
respectively (Bishop 1980a). Somewhat lower molecular
welghts have been reported for Uukuniemi viral RNA species:
(Pettersson et al. 1977). Until 1977, one duestion
concerning the segmented genome in bunyaviruses was whether
each RNA segment was a deletion product of the genome or

whether each RNA species represented unique genetic
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information. Oligonucleotide fingerprints of La Crosse,
snowhoe hare, and uukunieni K virus demonstrated that the L,
M, and S RNA segments contained unidque nuc%ebtide sequences
(Clewley et al. 1977, Pettersson et al. 1977). The 3!
terminal nuclectide sequence analysis demonstrates that all
three viral RNA species possess a consensus 3' seguence
(Parker and Hewlett 1981, Akashi and Bishop 1983, Clerx-van
Haaster and Bishop 1980). No polyvadenylation tract was
found for La Crosse virus, Lumbo virus, snowshoe virus or °
Uukuniemi wirus RNA species (Bouloy et al. 1973/74, Clevwley
et al. 1977, Pettersson et al. 1977). As shown in Tablé 2,
the 3' terminal RNA sequences of viruses representing all
four genera within the family Bunyaviridae have been
determined. A common  3' terminal sequence 1is highly
conserved within- each genus (Obijeski et al. 1980, Clerx~
van Haaster et al. 1982b). Terminal nucleotide.analysis of
the wviral RNA species of snowshoe hare, La Crosse, and
Uukuniemi viruses have shown‘ that the 5' terminal
nucleotide hgs the structure 5'pppap and seems to be
neither capped nor methylated (Bishop 1979, Bishop and
Shope 197%). Furthermore, accumulated sequence data have
suggested that the 3' terminal consensus sequences are
inverted ané complementary to the 5' termini of the RNA
species (Bisﬂap 1985). Electron microscopic exémination
revealed that the viral RNA species and nucleocapsids were
often observed in circular forms (Hewlett et al. 1977,

Pettersson and wvon Bonsdorff 1975, Samso et al. 1975).
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However, when the viral RNA was denatured, only linear RNA
species were visualized (Dahlberg et al. 1977, Hewlett et
al. 1977). The electron microscopic studies together with
the nucleotide sequence data suggest that each viral RNA

species exists in a non-covalently 1linked closed circular

configuration.

Genus Representative Consensus Sequence
Bunyavirus La Crosse@ 3'-UCAUCACAUGA. .
Uukuvirus Uukuniemi® 3 '~UGUGUUUCUGG. .
Phlebovirus Punta Toro® 3 '-UGUGUUUCG. ...
Nairovirus Qalyubd 3'~-AGAGAUUCU. ...

Table 2. The 3' Terminal Nucleotide Sequences of Viruses
Representing Each Genus within the Family Bunyaviridae
‘References; a: Clerx-van Haaster and Bishop 1980. b: Parker
and Hewlett 1981. c¢: Ihara et al. 1984. d: Clerx and Bishop
1981, Clerx-van Haaster et al. 1982b.

1.2.2. Structural Proteins of Bunyaviruses N

Relatively 1little information is available on the
structural components of most bunyaviruses due to
difficulties with their adaptation to tissue culture. The

chemical composition of one bunyavirus, Uukuniemi virus,
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has been feported to be 2% RNA, 58% proﬁein, 33% lipid, and
7% carbohydréte (R. F. Pettersson and O. Renkonen, cited in
Obijeski and Murph? 1577) . Three major virion polypeptides,
two glycoproteins (Gl and G2) and a nucleocapsid protein
(N), have been reported in many bunyaviruses (McLerran and
Arlinghaus 1973, ‘Obijeski e? al. 1976a, 1977, Goldman et
al. 1977, Pettersson and von Boﬁsdorff 1575, Gentsch et al.
1877a, Ushijima et al. 1980, Bishop et al. 1981). For
bunyamwera virus, the prototype virus of the family
Bunyaviridae, the molecular weights of these ‘major
polypeptides are reported as 115 X, 38 K, and 19 K for Gl,
G2, and N respectively (Géntsch et al. 1977a). Both G1 and
G2 glycoproteins can be removed by proteolytic enzyme -
treatment. In addition, iodine-labelling of the La Crosse
virion in vitro labelled only two glycoproteins (Obijeski-
et al. 1977). Electron-microscopy of enzyme treated virions
showed intact particles but a lack of spikes. (von
Bonsdorff and Pettersson 1975). Thus, the spiRes locatgd on
the surface of the virus are assumed to be composed of the
glycoproteins. An internal ribonucleoprotein complex is
released from purified virions treated with non-ionic
detergents (Pettersson et al. 1971, Rosato et al. 1974,

ite 1975, Bouloy and Hannoun 1976b). By equilibrium
density gradient centrifugatioﬁ, three species of RNP
molecules were separated. Each of the specles of
nucleozapsid consists of a major polypeptide (N) and a

single species of single-stranded RN%* In addition to the
\
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three major viral structural polypeptides, a minor 120-180
KDa 1arge'protein (L) has been reported to be associated
with the purified nucleocapsids (McPhee éﬁg Westway 1981).
The L protein is believed to be a virion-éssociated ftNA
polymerase. At least three bunyaviruses, Lumbo (Bouloy and
Hannoun 1%876a), snowshée hare (Vezza et al. 1979), and
Uukuniemi (Ranki and Pettersson 1975), have been shown to
contain an RNAwéirected RNA polymerase activity.
1.2.3. Replication Strategies of Buﬁxaviruses
Following wvirus attachment and‘penetration, the first
step in replication of Bunyaviridae is the synthesis of
subgenonic complémentary mRNA speclies from the individual
genomic segments by the virion-associated transcriptase.
The wviral RNA replication and secondary transcription
follows the translation of mRNA species (Bishop and Shope
1979). Viral RNA replication is ggt affected by actinomycin
‘D (Bouloy and Hannoun 1973, Vezza et al. 1979), which
indicates that cellular transcription is not required for
the  initiation of bunyavirus infection. Recently primer
extension and S1 mapping studies have revealed that the S
mRNA species of snowshoe hare virus (Bishop et al. 1983b,
Eshita et al. 1985, Ihara et al. 1985b) and La Crosse virus
(Patterson and Kolakofsky 1984) have 12-15 nucleotides
long, heterogenous 5! non-viral sequences that extended
beyond the 3' end of the viral RNA. Similarly, some 12-14
nucleotides of unknown origin were reported fo be present

at the 5' end of the M mRNA of Rift Valley fever virus -
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(Collett 1986). They probably represent host-derived RNﬁ/— |
primer sequences used by viral transcriptase (Kryg et al.
1979, Lamb and <Choppin 1983). The meésenger RNAs of
bunyaviruses have also been reported to be truncated (Cash
et a;. 1979, Pqpterson and Kolakofsky 1984, Bouloy eEnal.
1984, Eshita et al. 1985, Collett 1986).

' ‘The S RNA of. snowshoe hare virus (Bishop et al. 1982),
La Crosse virus (Cabradilla et al. 1983), and Aino wvirus
(Akashi et al. 1984) have been cloned ‘and sequenced.
Sequence analfsis together with genetic studies (Gentsch
and Bishop 1978, Bouloy et al. 1984) have shown that the S
RNA of the bunya&irus codes for both nucleocapsid protein
(N) and a non-structural protein (NSg). These two p&oteins
are encoded by overlapping reading frames in the viral
complementary sequence. Only a single mRNA species specific.
for snowshoce hare S RNA has been demonstrated by Northern
blot hybridization and by viral-sense oligonucleotide—
directed cloning analysis (Bishop et al. 1983a, Eshita et
al 1985). Although Patterson et al. (1983) reported the
probable existence of multiple mRNA specieﬁf3§ ILa Crosse S
RNA, it is believed that only ore 8 mRNN:se;ves for the
synthesis of both N and NSg proteins in snowshoe hare virus
infected cells (Fuller et al. 1983, Eshita et al. 1985). )

Mofe recently, Ihara et al. {1984) have reported that
the N protein of Punta Toro Plebovirus 1is encoded in the
compleme ntary sequence of the 3' half of the S RNA. A non-

structural protein, NSg is possibly encoded in the 5' half

-

A
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éf ‘thé S° RNA although ité existence has not been
demonstiated in cell extracts. Thus, the S RNA of Punta
Tore virus has been termed ambisense. Hybridization
analees has established that subgenomic mRNA sﬁécies
representing the two genes are 5re§ent in infected cells
(Ihara et al. 1984). Evidence has accumulated that
lymphocytic choriomeningitis virﬁsh (Romanowsky et al.
1985), Pichinde virus (Auperin et al. 1984), and Lassa
virus (Auperin et al. 1986) in the family Arenaviridae also
have a similar ambisense coding strategies (Bishop 1985,
1986) . : —

Genetic recombination studies and sequence analyses
have shown that the two glycoproteins Gl and G2 are enccded
by the M RNA segment (Fuller et al. 1983, Gentsch and
Bishop 1979, Fuller and Bishop 1982, Collett et al. 1985;
Ihara et al. 1985a). The nucleotide sequence of the M RNA
also reveals that it codes for a single polypeptide in tbe
viral complementary sequence (Eshita and Bishop 1984, Lees
et al. 1986). This presumptive precursor was not found in
virus infected <cells but was detected by in vitro
translation of the glycoprotein mRNA (Ulmanen 1981). Thus,
this precursor is cleaved to yield G1 and G2 protein as
well as a non-structural protein, NSy (Fuller and Bishop
1982, Kuismanen 1984). Since the 200 KDa L protein has been
identified (Obijeski et al. 1976a), by elimination, the L
RNA segment is presumed to encode the large, L, protein.

For many animal viruses, such as vesicular stomatitis

N
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virus (Strous and Lodish 1980, Zilberstein et alf 1981),
Semliki Forest virus (Garoff et al. 1982), and influenza
virus (Klenk and Rott 1980), the viral glycoproteins are
synthesized in the endoplasmic reticulum and transported to
tge plasma membrane via the Golgi complex. Thus, virus
maturation takes place at the cell surface. Recently
coronavirus has been shown to maiure at the membranes of
the smooth or rough endoplasmic reticulum (Sturman and
Holmes 1983). By contrast, bunyaviruses appear to mature
exclusively at the membrane of the Golgli apparatus
(Kuismanen et al. 1982, Smith and Pifat 1982, Murphy et al.
1973; Madoff and Lenard 1982). Beoth Gl and G2 and the N
proteins accumulate in the Golgi region (Kuismanen et al.
1984) . Virus maturation is effectively inhibited by the
carboxylic ionophore monensin (Cash et al. 1980, Cash 1982,
Kuismanen et al. 1985). Monensin has been known to inhibit
intracellular transport of membrane glycoproteins by
blocking the secretory vesicles from the Golgi complex
(Tartakoff and Vassalli 1978). The release of the virus
particles from cells is thought to occur through vesicular
carriers which fuse with the plasma membrane.

1.2.4. Genetics and Pathogenesis of Bunvaviruses

Genetic studies have mainly been reported for
Bunyanmwera and california encephalitis serogroup viruses.
Genetic recombination by reassortment of genomic subunits
has been reported using temperature sensitive (ts) mutants

in heterologous infections of Batal virus, Bunyamwera
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virus, and Maguari viruéf three members of the Bunyamwera
serogroup (Iroegbu.and_Pringle 1981, Ushijima et al. 1981,
Pringle et al. 1984). Furthermore, ts mutants of Maguari
virus could be classified into three recoﬁbination groups
co;responqing to the three genomic segments (Pringle and
Iroegbu 1982). In California. serogroué viruses,
recombination involving RNA segment reassortment has also
been demonstrated employing ts mutants of snowshoe hare, La
Crosse, Tahyna, Lum@o, California encephalitis, and
Trivittatus viruses (Gentsch and Bishop 1976, Gentsch et
al. 1979, Rozhon et al. 1981, Beaty et al. 1981b). For each
~of these Caliﬁornia group viruses; only L and M RNA ts
ﬁutants have been identified/(Gentsch et al. 1977b, 1979).
No genetic recombination has been documented between
viruses from different serogoups.

" The Eoding assignments of RNA segments have béen,
deduced by analysing the structural proteins sf reassortant
viruses {Gentsch and Bishop 1978). Relationships between
the gene products and virulence of bunyaviruses have also
been investigated using reassortants (Rozhon et al. 1981,
Gentsch et al. 1980). By the ﬁse of reassortants of
virulent La Crosse and avirulent snowshoe hare parengs, the
M RNA segment has been shown to be the major determinant
" for dissemination of La Crosse virus (éeaty et ai;;;psz).
Reassortants containing -the La Crosse virus M RNA produced

disseminated infection and were transmitted by mosquitoes.

By contrast, viruses with a snowshoe hare virus M RNA were
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as inefficiently transmitted as the parental snowshoe hare
virus. Although attenuating mutatic}ns in other -'.L.":l Crosse
RNA species méy affect the properties of the M gene (Rhozon
et al. 1981), the principle determinants ‘for pathogenecity
of bunyaviruses appear to be the viral glycoproteins (Shope
et al. 1981, Gonzalez-Scarano et al. 1982, Beaty et al.
198la, 1982, Bishop et al. 198bb1.
<

1.3. The Role of Viral Envelope Glycoproteins in

Interactions between Viruses and Host Cells

Many enveloped viruses are. important pathogens and

~their envelope components exhibit functional and

impuneological properties important for the bioclogy of these
viruses and for their interaction with host cells. General
featurcs of the membrane structure of wviruses include the
presence of a lipid bilayer, glycosylated proteins, and
internal non-glycosyléted proteins (Compans and KXlenk
1979). The lipids are derived from the host cell membranes
during maturation. The carbohydrates are also specified by
cellular enzymes (Compans and Klenk 1979). The internal
matrix proteins are not found in arenaviruses and
bunyaviruses unlike other negative stranded, enveloped RNA
viruses (Bishop and Shope 1579, Howard 1987). Viral
membrane glycoproteins are present at the surface in the
form of spikes. These glycoproteins may be either identical
molect les or fragments that derived from a common precursor

polypeptide by proteolytic cleavage. Some viruses such as
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rhabdoviruses possess one type of spike (Katz et al. l977j;

while other viruses such as orthomyxoviruses and

bunyaviruses contaln two types of spikes, each one formed -

by a different glycoprotein species (Skehel and Waterfield
1975, Schied et al. 1972, Bishop 1985). The glycoproteins
are amphipathic. They consist of an external hydr&Ehilic
pért and a hydrophobic region including carboxy termini by
which the spikes are associated with the lipid bilayer. The
glycoprotein synthesis is initiated by the synthesis of a
short amiho acid sequence at the amino terminus. This
signal sequence is responsible for insertion of the nascent
viral glycoprotein into the' membrane of the rough
endoplasmic reticulum (Blobel and Debberstein 1975, Garoff
et al. 1978). The signal sequence is proteolytically
cleaved during the inseftion process (Lingappa et ai.
1978). Glycosylatigﬁ of wviral glycqproteins appears to be
initiated” by the transfer of preformed oligosaccharide
éhains to the newly synthesized polypeptide chain. The
carbohydrate side <chains of wviral 'glycoproteins are
generally linked to asparagine residues. Two major types of
glycoproteins, a mannose-rich type and a complex type, are
found. The carbohydrate transfer process seemns to be
extremly rapid. It has been recognized that membrane
insertion and glycosylation of the protein are synchronous
for alphaviruses and rhabdoviruses (Xlenk and Rott 1980).
Glycosylated proteins seem to be resistant to proteolytic

cleavage (Klenk and Rott 1980). Glycoproteins then migrate

,'P"w.
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to the szte of virus assembly (Lafay 1974, Knipe et al.
1977, Gahmberg et al.t‘1986). Bunyaviruses have a unique
maturation property with glycoprotein accumulating in Golgi
complex whereas glycoproteins are transported to plasma
membrane for most other viruses ($uismanen et al. 1982,
_Kuismanen et al. 1985, Gahmberg et al. 1986). The Qiral
glycoproteins play important roles in the interaction
between viral envelopes. and cellular membranes. They are
responsible for the first step in the infectious process,
adsorption and penetrat;on'(Kleﬁk and Rott 1980). Modéls
for adsofption and penetration are hemagglutination and
membrane fusion proces;;s reSpectively. Viral glycoproteins
also induce and react with neutralizing antibodies. These
neutralization reactions may prevent either the attachment
of the wvirus to the receptor, .entry into cells, or
uncoating :'and release of the wiral gencme (Choppin and
Schied 1980). Neutralizing antibodies against several
bunyaviruses have also been shown to recognize the sites on(\\\‘
the glycoproteins {Grady et al. 1985; Gonzalez—Scarano.eg\Q/f
al. 1985). Bunyavirus glycoproteins are probably thé ma’jor
. determinants of wvirulence (Genstch et al. 1980, Beaty et
al. 1981a, 1982, Kingsford et al. 1982, Sundin et al. 1987)
and therefore the most obvious antigens for the induction
of virus neutralizing antibodies (XKingsford and Hill 1983,

o

Wiley 1985).
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1.4. Statement of Objectives
In spite of the clinical significance of hantaviruses
and their world-wide distribution in nature, very little is
known about their molecular bioiggy..The major obstacles
have been the long lag period of virus production, which
varies from 7 to 24 days and the low virus yields,
typically 1-5 X 106 pfu/ml. In order to overcome such
difficulties and to understand the strategy of virus
rep}ication;- one potentially useful approach _is the
molecular cIoning of the virus genome. Another important
aspect of hant?virus research is to investigate the
possibility of developing a recombinant vaccine forlHFRS.
Using the prototype virus Hantaan strain 76-118 as a model
syster for hantaQiruses, the objectives of this study have

been:

L)

-

1) to characterize the structural components and to define
' the proper taxonomy of Hantaan virus

2) todgfone the virus genome _and to elucidate the genomic
\str;bture and organization of Hantaan group viruses

'3) to sequencé the genomic componertts and to investigaté
the coding assignménts aﬁd replication strategy of
Hantaan virus

4) to express the viral gene encoding glycoproteins and, as
a long-term goal, to develop a recombinant subunit

vaccine against hemorrhagic fever with renal syndrome.

]

a .
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CHAPTER 2: MATERIALS AND METHODS

3 ) .
2.1. The structure of Hantaan Virus

2.1.1. Cells and Viruses :

The ROK 83-109 isolate and the prototype virus,
Hantaan 76-118, were provided by Dr. H. W. Lee, WHO
Collabofating Ceﬁter, Korea University, Seoul, Korea. The
Prospect Hill isolate Qaé obtaineé from Dr. P. W. Lee,
National Institutes of Health, Bethesda, naryiand. The USSR
cg38-83 strain‘ was prgyided by‘ Dr. ‘G. van der Groen,
Institute 'of. Tropical Medicine, .Antwerpen, Bglgium. For
virus production, a cloned line of Vero E6 cells (ATCC
C1008, CRL 1586) was grown and maintained at 37 € in
Dulbecco's Modified Eagle's Medium (DMEM) (Dulbecco and
Freeman %539) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum and 2 mM glutamine (Gibco, Grand Island,
NY). Since hantaviruses have been assigned\to Biosafety
Level D in the Guidelines of the Medical Reséarch Council
of Canada, all of the work involving infectious virus was
éoﬁducted in the D biohazard containment facilities of the

University of Ottawa. .

2.1.2. Virus Production and Radiolabeling of Viral Nucleic

Acids

To produce the virus, cells were infected at a low
multiplig}ty of infection (0.01-0.001 pfu/cell), and
maintained at 37 C in a humidified incubator with 5% CO5.
The medium was changed at 4 days post-infection, and the

cells were maintained for another 4 days. To label Hantaan

-
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virion RNA, [°H]-uridine (10 uCi/ml, 20-30 Ci/mmol,
Amersham, Arlington Heights, IL) was added to the culture
medium on .day 4 post-infection. Cell culture medium was
harvested on day 8 post-inféction and clarified by
centrifugation for 30 ﬁin at 3,000 g at room temperature
(Damon/IEC, model HN-S, Needham Heights, MA).'Thé\virus was
pelleted by ultra-centrifugation in a Beckman SW 28 rotor
(Beckman, Palo Alte, CA) at 81,000 g for 2 hr at 4 C. For
production of other hantavirus isolates, similar procedures
were applied except for an additional fluid change and
labelling on day 8 post-infection. Virus was harvested on
day 12 post-infection. For further pu;ificahion, the virus
pellet was resuspended in TE buffer, pH 7.4 (10 mM Tris, 1
mM EDT3), layered on a 10%-60% linear sucrose gradient and
centrifuged for 16 hrs at 195,000 g in a Beckman rotor SW
41 at 4 C. The gradient fractions were identified by bottom
puncture of the tube. The virus band was identified by
scintillation counting or by refractive index of 1.3958
(38% sucrose w/w) (Schmaljohn et al. 1983).

2.1.3. Extraction _and Gel Electrophoresis of Viral RNA

The virus pellet was dissclved in 100 ul of buffer
containing 100 mM NaCl, 10 mM EDTA, 50 mM sodium acetate,
pPH 5.2, and 0.5% SDS followed by incubation at 37 C for 30
min in the presence of 300 ug/ml of proteinase K. The
virion RNA w%s extracted once with an ecual volume of
phenol, once with phenol-chloroform-isoamyl alcochol

(25:24:1) and once with chloroform-isocamyl alcohol (24:1).

3
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Thrée volumes of cold ethanol were added and stored at =20
C overnight. The RNA was recovered by céntrifugation in a
microcentrifuge for 30 min at 4 C. Fér gel electrophoresis,
RNA was denatured with 1 M deionized glyoxal, and 50% DMSO
in 10 mM sodium phosphate buffer, pH 7.0, at 60 C for 15
min. The gel, consisting of 1.4% agarose, was prepared and
‘electrophoresed in 10 mM sodium phosphate buffer, pH 7.0
for 4 hr at 100 volts (McMaster and Carmichael 1977). The
gel was fixed in 10% glacial acetic acid and 30% methanol.
The gel was then impregnated with 3% PPO in DMSO, soaked in
water to precipitate the PPO, dried, and exposed to Cronex
X-ray f£ilm (Du Pont, Wilmingtén, DE) .at =70 C (Bonner and
Laskey 1974).
2.1.4. SDS-Polvacrvlamide Gel Electrophoresis of Viral
Proteins

The virus suspenéion, in TE buffer, wés diluted with
an egqual volume of elgctropﬁbresis sample buffer (125 mM
Tris-HCl, pH 6.8, 4% SDS, '0.0025 % bromophenol blue, and
20% glyqerol). Samples were boiled for 5 min prior to gel
electrophoresis. Electrophoresis was carried out for 1 hr
at 200 volté in a discontinuous polyacrylamide gel (Laemmli
1970} under reducing or non-reducing conditionz using a
mini-protein gel apparatus (Bio-Rad, Ricﬁmond, CA). For
reducing conditiens, 2-mé;captoethanol was added to the
sample to give a final concentration of 5% (v/v). The
separating gel consisted of 7.5% acrylamiae, 0.02%

bisacrylamide, 1.0% (w/v) SDS, and 0.375 M Tris-HCl, pH
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8.8, and the sta;king gel consisted of 4.0% acrylamide/bis,
1.0% (w/w) SDS, and 0.125 M Tris-HCI1, pH'G.S.AThe protein
bands were viéualized by staining with 0.1% Coomassie blue
R-250 in fixative (40% methanb}, 10% acetic acid). For
Western blot analysis, the proteins were ' electro-
phoretically transferred onto nitrocellulose membrane
(Bﬁrnette 1981) . Electroblotting was carriéd-out in 0.025 M
Tris, 0.1%92 M glycine and 20% (v/v) methanol for 1 hr at
100 V wusing a Bio-Rad ﬁini transblot apparatus. The
procedure for immuncassay is detailed in Section 2.7.2.
2.1.5. Densitometry

Autoradiographs of genomic RNA were scanned with the
Beckman Model DU-8B spectrophotometer using a Slab Gel
Scanning System. The densitogram was plotted with the aid
of a CompusetTM Module microprocessor (Beckman). The area
of the peak was calculated in valley to valley mode to
subtract the background. Wavelength w&s calibrated using a
holmium oxide filter. Five readings at a wavelength.of 600
nm were performed for peak determination and an average was
determined. The scanning speed and the chart speed wére 2
and 5 cm/min, respectively. The calculated area of the peak
corresponding to each genomic segment was used to calculate
molar ratios according to the estimated size of each RNA
segment.

2.1.6. Measurement of Radioactivitvy

» A small aliquot of labeled sample was added to a 10 ml

glass tube. 25 ul of bovine serum albumin (10 mg/ml) and 5
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ml of 10% TCA were added. The mixture was kept on ice for
15 min and the. precipitate was collected by centrifugation.
After being washed two times with 5 ml of 10%‘TCA, the
pellet was resuspended in 100 ul of 2 N NaOH and 200 ul of
water waé added. The sample was then mixed with agqueous
counting scintillant (ACS, Amersham) and radiocactivity was

measured in a liquid scintillation counter (LKB, Model 1214

Rackbeta, Sweden).

2.2. Cloning of the Hantaan Virus Genome

2.2.1. Construction of a cDNA Bank

Viral RNA was treated with 10 units of RQ1 DNase
(Promega Biotec, Madisqn, WI) in 40 mM Tris-HCl, pH 7.6,
containing 10mM NaCl and 6 mM MgCl, at 37 C for 15 min. The
DNase-treated viral RNA was used as a template for the
synthesis of cDNA as described (Gubler and Hoffman 1983).
First strand cDNA synthesis was carried out in the standard
reverse transcriptase reaction mixture: 1 mM 4TTP, 1 mM
dCTP, 1 mM 4GTP, 200 uM dATP, 100 mM Tris~HC1, pH 8.4, 130
mM KCl, 10 mM MgCl,, 1 mM DTT, 20 units of RNAsin (Promega
Biotec), 50 uCi of [a-32P} dATP (Amersham, 800 Ci/mmol),
arnd 30 wunits of avian myeloblastosis virus reverse
transcriptase (Molegular Genetic Resources,. Tampa, FL)
using approximately 1 ug of viral RNA and an 100 fold
molar excess of random primers (Pharmacia Biotechnology,
Uppsala, Sweden). After a 30 min incubation at 37 ¢, the

reaction mixture was transferred to ice. One. tenth volume
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of 10X nick—translatién buffer ( 0.5 M Tris-HCl, pH 7.2,
0.1 M MgSO,, 0.01 M DTT, 500 ug/ml BSA fraction V), 2 units
of RNAse H (BRL, Gaithersburg, MD) and 23 units of DNA‘
polymeéase I (3RL) were immediately aéﬁeé'and-the sample
was incubated for 2 hr at 15 C. The reaction.was terminated
by addition of EDTA and SDS to final concentrations of 50
mM énd 1% respectively. The double-stranded cDNA products
were fractionated through a Sepharose 4B column and the
fractions .containing the 1large cDNA molecules were
collected. Plasmid pUCl9 was cut with HindII and treated
with calf intestinal alkaline phosphatase before ligation
with <cDNA. The 1ligation reaction was carried out in
ligation buffer (20mM Tris-KCl, pH 7.6, 10 mM MgCl,, 10 mM
PTT, 0.6 mM ATP) using 5 units of T, DNA ligase (Boehringer
Mannheim, Mannhgim, Germany) at 15 C for 16 hr. Competent
cells of E. coli JM109 (Yanisch-Perron 1985) were prepared
as described previously (Hanahan 1983), and the trans-
formation was carried out according to standard procedures
(Maniatis et al. 1982). Ampicillin resistant, coiquess
colonies were picked from B plates (0.8% NacCl, 1.0%
tryptone, 2% agar, 0.001% vitamin B-1) éontaining 50 ug/ml
ampicillin, 100 mM IPTG and 2% X~gal as described
previously (Messing 1983). For the construction of 3!
terminal clones of the genomic RNA segments, two synthetic
oligonucleotides, 19mer yk-ls and 1émer yvk-m were obtained
from Wistar Institute, Philadelphia, PA. These two specific

primers were used for cDNA synthesis as described above.
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2.2.2. Preparation of Plasmid DNA

For rapid and mini—séale isolation of plasmid DNA, the
bacterial cultures were dgrown overnight in LB medium
(Bacto-tryptone 1%, vyeast extract 0.5% and Nacl 1%)
containing 50 ug/ml of ampicillin. "Recombinant plasmids
were prepared by the alkaline lysis extraction method
(Birnboim and Doly 1979). The RNA was removed by digestion
with 100 ug/ml of pancreatic RNase at 37 C for 30 min. For
large-scale plasmid isolation, the culture was grown to an
0.D. of 0.4 (600 mm), and plasmid was amplified in the
presence of chloramphenicol (170 ug/ml). Cleosed circular
forms ‘of DNA ere isolated by centrifugation to equilibrium
in CsCl-EtBr gradients in a VTi 65 Beckman %gégr at 325,000
g for 16 hr at 20 C. The DNA was theﬁ purified and
precipitated by standard methods as déscribea elsewhere
(Maniatis et al. 1982).

2.2.3. Southern and Northern Blot Hvbridization Analyses

Recombinant plasmids were digested with EcoRI and
HindIII followed by agarose gel electrophoresis in TBE
buffer (0.1 M Tris-borate, 0.1 M boric acid, 2 mM EDTA, .pH
8.0). The DNA gels were denatured with 0.2 M NaCOH

containing 0.5 M NaCl for 30 min and neutralized with 4X

TAE blotting buffer (40 mM Tris-HCl, pH 7.8, 20 mM sodium

acetate, 2 mM EDTA). The DNA in the g¥l was electrophore-
tically blotted onto a transfer membrane (Zeta Probe, Bio-
Rad) ir TAE blqtting buffer overnight at 30 volts using a

Bio-Rad Model 250/2.5 power supply. The membranes were

—
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baked at 80 C for 2 hr under vacuum. The membrane was then
prehybridized at 42 C for 16 hr in a sealed plastic bag
contgining prehybridization buffer (0.2 ml/cm? of membrane)
of 50% formamide, 5X Denhardt's solution (0.1% each of
bbviﬁe serum albumin, ficoll and polyvinyl-pyrollidone), 50
mM sodium phosphate, pH 6.5, 5X SSC (0.75 M NaCl, 0.075 M
sodium citrate), 0.1% SDS and 250 ug/ml of sonication-
denatured salmon’ sperm DNA. Hybridization was carried out
at 42 C for 20 hr using fresh hybridization solution
containing the radiolabeled probe (1-4 X 10® cpm/ml) as
described previously (Southern 1975, Alwiné et al. 1979,
Thomas 1%80). The membranes were washed once with 2X SSC
containigg 0.1% SDS for 1-2 hr, once with 6.1X; SscC
containg‘o.l% SDS for 30 min at room temperature and once
for 30 min at 65 € with 0.1X SSC containing 0.1% SDS with
continous shaking. For Northern blot hybridization, genomic
RN2 éegments were separated on an agarose gel after
denaturation with glyoxal as described in Section 2.1.3.
The gel was then equilibrated and electroblotted, and the
membranes were used for hybridizatioﬁ‘as described above.
2.2.4. Screening of 3' Terminal Clones with Synthetic
Oligonucleotides

Bacterial transformants wef37lifted onto hybridization

transfer membranes (Colony/Plaque Screen, New England
Nuclear, Boston, MA) and lysed by alkali (Grunstein and
Hogness 1975). The filters were washed in 3X SSC containing

0.1% SDS at 65 C for 16 hr with continous shaking. The

R
o
LY
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filters were then prehybridized at 37 € for 2 hr in a
solution of 6X SSC, 1X Denhardt's solution, 0.5% SDS, 0.05%
sodium pyrophosphate and 100 ug/ml of denatured calf thymus
DNA. Hybridization was carried out at 31 C and 39 C for the
16 mer and 19 mer oligonucleotides respectivély, in fresh
hybridization buffer containing radiolabeled oligo-
nucleotides\ as probes. The filters were washed séveral
times at room temperature and once at .35 C fﬁr 1 hr with
washing solution (6X SSC, 0.05% sodium pyrophosphate). The
final washes were performed for 10 min at 42 € and 50 C for
the 1l1lémer and 1l9mer oligonucleotides repectively (Wallace
et al. 1981, Woods 1984). The washed filters were wrapped
wifh Saran wrap and exposed to Cronex X-ray film at -70 C.
2.2.5. Cloning of the 5' Termini of the Genomic RNAs

In order to obtain cDNA clones which represent the 5!
termini of the M and S genomic RNA segments, four segment-
specific oligonucleotides (hmpl, hmp2, hspl, hsp2) wer%
synthesized at the Institute for Molecular Biolégy and
Biotechnology, McMaster University, Hamilton, dntario.
Primers were annealed to the genomic RNAs and extended as
described ' in Section 2.2.1. The first-strand cDNA was
t;iled with dCTP in tailing buffer (200 mM K-Cacodylate, 25
mM Tris-HCl, pH 6.9, 2 mM DTT, 0.5 mM CoCl,) using 10 units
of terminal deoxynucleotidyl transferase (Pharmacia). The
second cDNA strand was primed with poly (dG) (Pharmacia)
and synthesized using the large fragment of DNA polymerase

I (Amersham). Phosphorylated PstI 1linker (Boerhinger

A
"
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Manhéim) was added and ligated to the double-stranded CDNA
in ligation buffer (25 mM Tris-HC1, pH7.4, 5 mM MgCl,, 5 mM
DTT, 1 nmM ATP) a; 16 C overnight. After phenol extraction
and ethanol precipitation, the cDNA was digested with PstI,
inserted into to the PstI site of either pUC19 or M13 mpl9
RF DNA. E. coli JM109 was then transformed Yith the
recombingnt DNA.

2.2.6. In Vitro Labeling of Hybridization Probes .

Radiolabeled hybridization ‘probes were ?repared by
nick-translation (Rigby et al. 1977) using [a—32P] dATP
(3000 Ci/mmol, Amersham). The labeled DNA was passed
through a Sephadex G-50 column and the unincorporated
nucleotide triphosphates were remo:;d. To prepare
oligonucleotide probes, 200 nc of oligonucleotide was
phosphorylated using 100 uCi of {r-32P] ATP (5000 Ci/mmol,
Amersham) in a buffer containing 10 mM MgCl,, 100 mM Tris-
HCl, pH 7.6, and 20 mM DT? with 10 units of Ty
pelynucleotide kinase (Maxam and Gilbert 1977). The
reaction wéé carried out at 37 C for 1 hr, and the labeled
oligonucleotides were used directly as the hybridization
probes.

LY

2.3. Determination of Nucleotide Sequences

2.3.1. Subcloning into M13 Phage

The replicative forms of M13mpl8 and mplS were
purchased from New England Biolabs (Beverly, MA). The JM101

and JM109 stains of E. coli were obtained from Dr. P. Lau,
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National Research Council of Canada, Ottawa. The host
- .
strains were maintained on M9 minimal salt plates. For

subcloning into M13 phage DNA, plasmid containing the ¢DNA
fragment waé digested with EcoRI and PstI, or with EcoRI
and HindIII. The DNA fragmehts wére‘purified as detailed in
Section g.gﬁ;l-M13mpi8 and mpl9 RF DNA were cleaved;%ith
the corresponding restricfion-enzymes, and ligated to the
purified cDNA.fragménts..Qhé ligation mix was then psed for
transfection of  either E. -coli JMIO0L or_'JMfOQ. The
recombinant phage élaques were identified primarily by the
lack of a color reacé;on in the presence of 2% X-gal and
100 mM IPTG. The colorless plaques were picked and grown in
2X YT (1.6% tryptone, 1.0% yeast extract, 0.5% NaCl) for 8
hr with vigorous shaking. After a 5 min\\épin in a
microcentrifuge, the supernatant was.mixed witpliox loading
buffer (0.5% broméphenél blue, 2.0% EDTA, 50% glycerol;
2.0%'SDS), and electrophoresed on a 0.8% agafgse gel in TBE
buffer (100 mM Tris base, 100 mM boric aciﬁ, 3 mM EDTA) for-
5 hr at 100 volts. The presence of DNA inserts was
confirmed by direétly comparing the size of the recombinant
phage DNA to the wild 'type DNA (Messing 1983).
Alternatively, the rep;icative forms of phage DNA were
prepared by the alkaline lysis method (Birnboim and Doly
1979) and the inserts were analysed after digestion with
appropriate restriction enzymes.

2.3.2. ﬁregaration_of M13 Phage DNA for Sequencing

A single bacterial colony was picked from a M9 plate
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and grown in 2X YT medium overnight with.yigorous shaking.
The following morning, a fresh 2X ¥T was inoculafed with
6.1% of the overnight culture. When the 0.D. reading at
660nm reached 0.1, 2 ml-aliéuots were pipetted into 10 ml
shap-cap tubes and-infected with 50 ul of M13 phage stock
(appréx. mei of 100 pfu/cell). Incubation was continued for
5-6 hr at 37 C with vigorous shaking. The supernatant was
cleared for 5 min in a microcentrifuge. 1.2 ml of clear
supernatant was added to 200 ul of 27% PEG-6000 in 3.3 M

NaCl. After standing for 30 min, phage was pelleted for 30

‘min and resuspended in 100 ul of TE buffer, pH 8.0. The

phage DNA was extracted with phenol-~chloroform and ethanol-

precipitated.

2.3.3. Generation of Sequential Overlapping cDNA Clpnes

To sequence Jlarge DNA fragments, a nested series of
overlapping clones were generated by sequentially digesting

one end of the cloned insert with exonuclease (Dale et al.

1 1985). Single-strandéd M13 DNA'was prepared as described in

section 2.3.2. An oligomer RD22 (5'-CGACGGCCAGTGAATTCCCCCC-
3') was purchased from IBI (New Haven, CT). Approximately 1
ué of ssDNA template was anneéaled with 20 ng of RD22 and
digested concurrently: for 1 hr at 45 € in 33 mM Tris-
acetate, pH 7.8, 66 ﬁM potassium acetate, 10 mM magnesium
acetate, 10 mM DTT c¢ontaining 20 units of Ec‘o RI. Following
inactivation of EcoRI at 65 C, 6 units of T, DNA polymerase
was .added to digest the linearized DNA from the 3' end.

Every minute, an aligquot was removed and the reaction in
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each aliquote was terminated by heating to 65 C for 10 miﬁ.
Finally all the digests were combined. A tailing reaction
was carried out using 10 mM ' dGTP -and 15 units of terminal
deoxynucleotidyl transferase. The reaction was stopped by
heating,xahd RD22 oligomer was again annealed to the DNA.
The nisﬁed phage DNA which formed a hybrid with the
oligomer was ligated for 1 hr in tﬁe presence of 1 nM A?P
and 1 unit T, DNA ligase (BRL) . The recirculari;ed'siﬁgle-
stranded phage DNA was used to transfect JM109 usiﬁg
standard procedures. Phage DNA was prepared from individual
plagues and ~ analysed ‘by agargif _eléctrophoresis.

Sequentially deleted overlapping clones were identified by

- comparing the size of the phage DNA as described in Section
g g _

2.3.4. DNA Sequencing Reactions

DNA'seqdence was determined by the dideoxynucleotide
chain- termination ﬁethod-(Sanger et al. 1977) using 35g-
labeled deoxynucleoside triphd;phate (Biggin et al. 1983,
Ornstein\et‘al. 1985) . Deoxy- and dideoxynucleotides were
purchased from Pharmacia Biotecpnology. Deokyadenosine 51—
[e-39S] thiotri-phosphate (650 Ci/mmol) and Klenow fragmen£
were purchased from Amersham. The 17mer (5'-GTAAAACGACGGC-
CAGT-31) and 24ner (5'-CGCCAGGGTTTTCCCAGTCACGAC-3")
sequencing primers, which begin at -20 and -47 nucleotide
frow the EcoRI site reﬁpectively, were purchased from New

England Biolabs. Approximately 1l ug of ssDNA template was

annealsd with primer in a 1 to 5 molar ratio at 60 C for 1-
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2 hr in 10 ul of 10 mM Tris-HCl, pH 8.5, and 10 mM MgCls,.

36

To the annealed primer/template, 15 uCi of [a-35s] daTP and
.1 unit of Klenow fragment were added. This primer/
template/lébel/enzyme mix was split into four separate
reactions (2.5 ul each). The primers were then extended by
adding 2 ul of the relevant dNTP/ddNTP ' mixes to each
reaction..The compositions of the four ANTP/ddNTP mixes are
presented in Appendix 1. After 15 min, the reactions were
chased with exces;-amount of cold ANTPs. The reactions were
terqinated by adding 4 wul of formamide dye mix (0T03%
xyléne cyanocl, 0.03% bromophenol blue, 20 mM EDTA in

-
deionized formamide).

2.3.5. Urea-Polyacrylamide Sequencing Gel Electrophoresis
The sequencing reactions were electrophoresed on a 37
cm X 40 cm X 0.02 cm polyacrylamide gel. One
electrophoresis glaés plate was siliconized with 2%
dimethyldichlorosilane (RepelcoteT, BDH cChemicals,
Toronto), and the other was treated with r-meacryloxy-.
propyltrimethoxy silane (Silane 2-~174, BDH)}. The gel
consisted of 7 M urea, 6% acrylamide, 0.3% bis—gérylamide,
100 mM Tris base, 100 mM boric acid and 3 mM EDTA. To
catalyze the polymerization of the gel, 200 ul of 10%
aﬁmonium persulfate and 30 ultof TEMED were addéd to 50 ml
of the gel mix. The sequencing reacézgﬁs were heated at 95
C for 3 min and immediately loaded on the gel using a shark

tooth comb (IBI). Electrophoresis was carried out using an

IBI sequencing apparatus model STS 45 at 50 watts constant
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power with a LKB Model 2297 Microdrive 5 power supply- (LKB,
Sweden). The gel was fixed in 5% acetic acid and 5%

methanol for 20 min, dried and exposed to Cronex X—r’ay

£film.
2.3.6. Computer Analxsis of Nucleotide Sequences

Nucleotide sequences were analyéed using Apple IIe and
IBM Personal System/2 Model 30 computers. Software.used for
this study were the University of .ﬁinnesota Apple II
Sequence Analysis Programs (Version 2'1'.1982’ Depar?ment
of‘BiochemiStry, University of Minnesota, St. Paul, MN) and
PC/Gene (version 4.05, 1986, Department of Medical
Biochemistry, University of Geneva, Switzerland,.
distributed by IntelliGenetics, Inc., Mountain View, CAa).
The Minnesota Programn was used to Jjoin sequences and to
search for restriction enzyme sites. Translation of a DNA
" sequence, hydropathy plots and searches for potential
antigenic sites in protein sequences, and gecondary
structure analysis of RNA were done using the PC/Gene
program. The protein coding régions were énalysed by RNY
lpattern (R:purine, N:any base, Y:pyrimidine) (Shepherd
1981). The hydrophilicity/hydrophobicity of proteins werd
evaluated by the methods of Kyte and Doolittle (1982).
Secondary structure of RNA was based upoﬁ Zucker's methéd
{(Zucker and Stigler 1981) with modifications (Jacobson et
al. 1984). Threé letter codes were used for amino acid
nomenclature (IUPAC-IUB 1966). Re;;éiction enzymes were

abbreviated as described by Roberts (1985).
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2.4. Intracellula NAS o an Virms-In ected Cells
2-4.1. Extraction and Electrophoresis of Intracellular RNA

Vero E6 Cl008 cells were infected at a low moi (0.01-
0.001 pfu/cell) and maintained as described in Section
2.1.1. On .days 6-7 after infection, the cell monolayers
were scraped from plates and resuspended in TMNS buffer (50
_ mM Tris-HCl, pH 7.4, 5 mM MgClp, 25 mM NaCl, 250 mM
sucrose) containiﬁg 25 ug/ml of polyvinylsulfate and 30
ug/ml of sperﬁine; A solution of 10% triton X-100 (v/v) and
10% sodium deoxycholate (v/v) was added to give a final
concentration of 1% for each detergent. The cells were
disrupted by Dounce homogenization for 10 strokes on ice.
The cytoplasm%c fraction was collected by centrifugation’ at
7,000 g for 30 min at 4 C in a éeckman rotor JA-20. An
equal volume of 2X NENS (100 mM sodium acetate, pH 5.2, 200
mM NaCl, 20 mM EDT%, 1% SDs) was added. The sample was then
digested with 300 ug/ml of proteinase K for 30 min at 37 cC.
The cellular RNA was extracted, precipitated, and
resupended- by ftandard methods. The RNA species were
denatured with glyoxal and resolvedgbn an agarose gel as
outlined in Séctidn 2.1.3. The gel was equilibrated with 1X
TAE buffer and electroblotted onto Zeta Probe (Bio-Rad).
The membrane was cut into'/longitudinal strips and used for
hybridization (S;ction 2.2.3.).

2.4.2. Preparation of Strand-S$pecific Hvbrid@zation Probes

DNA fragments specific for Hantaan virus genomic

segments were subcloned into the multiple cloning sites of
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both bacteriophage M13 mpl8 and mpl9 RF DNA. Single-.

stranded phage DNA was prepared as described in Section

]
2.3.2. Hybridization probe primer (5'-CACAATTCCACACAAC-3',

-~

New England Biolab) (Ricca et al. 1982) was annealed to

single-stranded template DNA in 30-100 fold molar excess _in,

10 mM Tris-HCl, pH 7.4, containing 50 mM NaCl, 10 mM DTT,
10 mM MgCl,. 100 uCi of (a-32p] dATP (800 Ci/mmol, New
England Nuclear, Boston, Mz) was added. The reaction was
farried out by adding 5 units of Klenow fraément in the
presenée of 100 uM dGTP, 100 uM 4CTP, 100 uM d4dTTP and 15
uM -4ATP. Uninfgfpofated nuélepﬁide triphosphates were
separated by a Sephadex G-50 column chromatography. The
running buffer contained 100 mM NaCl and 1 mM EDTA so that
two strands of the probes would not dissociate. The probes
were collected by monitoring radiocactivity and used for

hybridization directly without denaturation.

2.5. Construction and Hodifigation of a Full Ien M Gene

2.5.1. Purification of DNA Pragments, Ligation and

!

Transformation

Gel electrophoresis, DNA ligation;)Fp{iiziz
preparations, and transformation procedures are descri

in Sections'z.z.l., 2.2.2., and elsewhere (Maniatis et al.

1982). PFor purification of DNA fragmen;;) the bands of

-
interest were located by examining agarose gels with long

wavelength UV light after EtBr staining. The DNA bands were

excised and eluted using an IBI electroeluter (Model UEA)

n

A
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in low salt buffer (20 mM Tris-HCl, pH 8.0, 5 mM NaCl, 0.2
mM EDTA) typically for 50 min, depending upon the size of
the DNA fragment, at 100 volts. The high salt cushion (10 M
ammonium acetate) was recovered, and extracted with water-
saturated butanol 5 times, and DNA was ethanol-precipitated
with 20 ug of glycogen as carrier.
2.5.2. Preparation of Oligonucleotide Linkers
A 26mer oligonucleotide, AB279 (5'-GATCCACCATGGGGAT-
ATGGAAGTGG-3'), was prepared by the Institute for Molecular
Biolégy and Biotechnology, McMaster,University,_Hamilton,
ONT. A 22 mer, DW1l (5'-TAAAAAATCATAGGATCCTGCA-3'), and a
21lmer, DW2 (S‘—GGATC-CTATGATTTTTTATGC—3'), oligonucleotides
were synthesized by the University of Ottawa Biotechnolegy
Reéearch Institute. The oligonucleotides were dissol#ed in
95% formamide and 1loaded onto a 8% preparative
polyacrylamide gel containing 8 M urea in TBE buffer. The
DNA was directly visualized under short wavelength UV light
by placing the gel on a silica gel TLC plate containing a
fluor (260 nm). The DNA bands were excised and purified as

decribed in Section 2.5.7.

2.5.3. Oiiqonucleotide—directed Mutagenesis using Crossover

Linkers

Synthetic oligodeoxynucleotides DWL, DW2 and AB279
were phosphorylated iﬁdiv;dually in 59 mM Tris-HCl, pH 8.0,
5 mM MgClp, 4 mM DTT, 2 mM ATP containing 10 units of T,

polynucleotide kinase at 37 C for 1 hr. For single-stranded

crossover-linker mutagenesis, a 1,000 fold molar excess of
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AB279 was ligated tc the BamHI site of pDWMUCl9 (section

3.6.1.) usigg standard techniques. To prepare the double-
stranded crossover linker, DWl andeW2 were combined in 10
ul of 10 mM Tris-HCl, pH 8.5, and 16 mM MgCl, and heated at
70 C fo£‘10 min. After cooling siowly té 42 C, the h¥brid
was added to a mixture of ligation buffer, 1 unit éf Ty
DNA ligase; 0.6 mM ATP, and 3 fold molar less of pDWMUClQT
AB279 (Section 3'6‘Zi) whichfpad been completely digested-
with PstI and dephosphorylated. The ligation mixes were
incubated at 15 C for 20 hr and used to transform E. coll

k¥

strain‘.JM101 on 2X YT plates 'éontaining, 50 ug/ml of
émpiciilin.
2.5.4. Determination%f the Junction Sequences

The Maxam and Gilbert chemical cleavage method (Maxém
and Gilbert 1980) was used to sequence thé downstream
junction region of the glycoprotein coding sequence of
Hantaan virus.. The plasmid pDWGUC19 (Section 3.6.2.) was
cleaved with HindIII. To 1abei the 3' end of the DNA
fragment, the £filling-in reaction was carried out in a
sclution consisting of 2 mM of all four dNTPs, 50 mM Tris-
HCl, ©pH 7°2'j 10 mM MgSO4, and 0.1 mM DIT at room
temperature by adding 100 ack of [e-32P] dATP (80 Ci/mmol,
Amersham) and 5 units of Klenow fragment. After a 15 min
incubation, the reaction was chased with a mixture of 0.1
mM co.d dNTPs“~The reaction was then terminated with 100 =M
EDTA fcllowed by heating at 65 C for 10 min. The sample was

phenol-extracted and ethanol-precipitated. The second

N
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enzyme digestion was carried'oﬁt with EcoRV, and the sample
was subjected to agarose gei electrophoresis. The wet gel
was wrapped with Saran wrap, and exposed to an X-ray film.
Tﬁe one-end labeled, 800 bp HindIII/EcoRV fragment was
located and excised using the exposed X-ray film as a
template. The purified frggmenég were subjected to
chemical cleavage procedurés.'Piperidine and hydraz;ne were‘
purchased from Aldrich (Milwaukee, ﬁif; 5imethyl sulfate
and formié acid were purchased from gn@ (Toronto, Ont).

Briefly, a 25 ul aliquot of end-labeiéd DNA fragment
.(approx. 50,000 cpm) was mixed with 5 ul (5 ug) of
sonicated calf thymus DNA. The mixture was d%spensed into 4.
separate reactions and chemical cleavage reactions were
performed (Maxam and Gilbert, 1982). Details of chemical
cleavage reactions are described in Appéndix 3. To sequence
the upstreaﬁ junctian region, the GemSeq K/RT sequencing
" system (Promega Biotec} was used with modifications. One ug
of plasmid pDWGUC19 was denatured with 2 N NaoH and
neutralized with 3 M sodium acetate pH 5.2, foilowed by
ethanol precipitation. The DNA was then annealed to Mle
forward pfimers (24mer, New England Biolabs) in 10 mM Tris-
HCl, pH 7.5, and 50 mM NaCl by incubating for 1 hr at 37 C.
Five units of Klenow fragment and 40 uCi of'[a—32P] dATP
(400 Ci/mmol, Amersham) were added to the annealing
mixture. TheJlabel/primer/template/enzyme mix was added to

4 separate reactions each of which contained the

appropriate deoxy- and dideoxy-nucleotide mix. Each deoxy-
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and dideoxy-nucleotide mix is formulated _in Appendix 2.
After a 15 min incubation at room temperature, reactions
were chased with a mixture of 2 mM ANTPs and terminated by
adding 90% formamide containing 20 mM EDTA, 0.3% bromphenol
blue and 0.3% xylene cyanol. Samples were heated at 70 C
for 3 min and loaded onto 8 M urea-8% polyacrylamide gel

(Section 2.3.5.)
-

2:6. Production of Recombinant Baculoviruses
2.6.1. Cells, Viruses and Preparation of Stock Viruses

Spodoptera frugiperda (SF21) cells and Autographa

californica nuclear polyhedrosis virus (AcNPV) were

obtained from\\grt D. H. L. Bishop, NERC Institute of

Virology, Oxford, U.K. Spodoptera frugiperda (SF9) cells

were provided by Dr. M. D. Summers, Texas A & M University,
College Statien, TX. Wild type and recombinant viruses were
~ propagated either in SF” 9 cells in TNM-FH medium (Hink
1970, Summers and Smith 1987) or in SF21 cells in TC 100
medium (Vaughy et al. 1977) containing antibiotics
(penicillin 100 u/m