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ABSTRACT

Molecular characterization of the Seoul 80-39 virus, a prototype of the Seoul
serotype, was carned out by cloning and sequencing. The large (L) genomic RNA
segmént is 6530 nucleotides long. The viral complementary-sense RNA contains
a single open reading frame (ORF) from the AUG codon at nucleotide positions 37-
39 1o the UAA stop codon at nucleotide positions 6490-6492. This ORF could
encode a polypeptide of 2151 amino acids (246,662 D) which likely corresponds
to the L protein detected in purified viral particles (Elliot et al., 1984) and is
assumed to be an RNA-dependent RNA polymerase molecule (Schmaljohn and
Dalrymple, 1983). The M RNA segment is 3651 nucleotides long. A single ORF
was detected in the viral complementary-sense RNA. It saarts with the AUG codon
at nucleotide positions 47-49 and ends with the UAA codon at nucleotide positions
3446-3448. This ORF could encode a polypeptide of 1133 amino acids which is
cotranslationally processed into viral glycoproteins G1 and G2. The S genomic
RNA segment was characterized from the 3’ end o nucleotide 1332. Onelong ORF-
was detected from the AUG codon at nucleoﬁde positions 4345 to the UAA stop
codon at nucleotide positions 1330-1332. This ORF has a capacity to encode z 48
kD protein which corresponds to the viral nucleocapsid (N) protein.

A comparison of coding properties of the tripartite genomes of various

hantaviruses allowed construction of the evolutionary wee for the Hantavirus

genus.
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The second part of the study was focused on the maturation of Hantan 76-
118 virus glycoproteins G1 and G2 and virus morphogenesis. Processing of
glycoproteins in Hantaan virus infected cells was studied by immunoprecipitation,
cheﬁﬁcal cross-linking, glycosylation ichibition and sensitivity to endog!ycosidase |
H, F and D; whereas virus morphogenesis was studied by thin-section electron
microscopy.

Glycoproteins G1 and G2 form a complex. The basic complex unit consists
of one molecule of G1 and one molecule of G2 (heterodimer) which possibly can
further assemble into an oligomeric structure. Experiments with the glycosylation
inhibitor brefeldin A indicate that complex formation between the two
glycoproteins occurs in the ER. Other glycosylation inhibition studies and
weaments of glycoproteins with endoglycosidases show that the N-linked
oligosaccharide molecules of Hantaan virus glycoproteins are high mannose.
Resistance of both G1 and G2 t endoglycosidase D suggests a structure with more
than five mannose residues. Therefore, the enzymes of the mid- and trans-Golgi
are not involved in processing of Hantzan virus glycoproteins. However,
processing of a high mannose structures (Man)y(GlcNAc), to (Man),(GlcNAc), or
(Man)(GIcNAc),) may take place in the cis-Golgi by the enzyme e-mannosidase I.

Virus morphogenesis was studied by t:hin-secu:on electroﬁ. microscopy of
mock-infected and Hantaan virus-infected cells with or without brefeldin A
treatment. Virus budding was observed only in Hantaan virus-infected cells, in the

trans-Golgi network. When the Golgi apparatus was destroyed by brefeldin A
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treatrnent, assembly of virus particles was not observed. Therefore, although Golgi
apparatus may not be involved in the matwration of viral glycoproteins, the
glycoprotein complex is targeted to the Golgi where virus assembly takes place.

The third project was to express npucleocapsid proteins of Seoul 80-39 virus
and Hantaan 76-118 virus using baculovirus recombinants. Cloned S genomic
segment of Seoui 80-39 virus was inserted into the baéulovirus transfer vector,
PACYM1-Hu. Spodoptera frugiperda (SP) cells were co-ransfected with the
recombinant transfer vector and wild type AcNFY DNA. Recombinant virus,
designated as AéNPV-Hu/Seoul N was isolated by plaque purification. Anaiysis of
recombinant virus-infected Sf9 cell lysates by SDS-PAGE showed that N proteins
were expressed in high levels and were identical to virion associated N proteins in

size and antigenicity.
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CHAPTER 1 GENERAL INTRODUCTION |

1. HANTAVIRUSES: HISTORICAL BACKGROUND

History

Hantaviruses were classified as members of the new, Hantavirus émus of
the Bunyaviridae family in 1987 (Schmaljohn and Dalrymple) after the viral
genome was molecularly characterized. This group of viruses is associated with
epidemic and endemic human diseases collectively known as hemorrhagic fever
with renal syndrome (HFRS). Tﬁe disease was reported for the first ime in 1913,
in Russia as hemorrhagic nephroso-nephritis. In the 1930s and 1940s, it was
recognized as epidemic hemorrhagic fever (EHF) in China and Japan, as
nephropathia epidemica (NE) in Scandinavia and as epidemic nephritis in eastern
Europe. Scientists in the Soviet Union and Japan noticed that the disease was
acquired through contact with rodents and/or their ectoparasites or excreta, that
it can be transmitted from one human to another only by patients sera and that it
was not of bacterial origin (Kasahara and Kitano, 1943; Kitano, 1944; Smorodintsev
et al., 1959). The major disease outbreak in humans that evoked atention
happened during the Korean conflict (1950-1953) when over 3000 United Nations
troops, stationed in the demilitarized zone between North and South Korea,
developed a disease with capillary hemorrhage and acute renal'fa.ilure (Smadel,

1953). After many attempts to isolate the etiologic agent of HFRS, H. W. Lee and
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P. W. Lee finally succeeded. In 1976, they demonstrated the presence of antigen

~ in the lungs of the striped field mouse, Apodemus agrarius coreae using sera from
patients convalescing from HFRS. The etiologic agent was passed from infected to
uninfected adultA. agrarius (Lee H. W. et al., 1978), and was not easily ransmitted
to laboratory rodents. They were able to infect adultA. agrarius, as well as human
volunteers, with sera isolated from two acute-phase HFRS patients. The attemptto
propagate virus in a cell culture succeeded (French et al., 1981) ﬂlowiné further

characterization of the infectious agent.

Classification of hantaviruses

More than 100 different strains of the virus have been isolated from different
natural rodent hosts such as mice (Apodemus and Mus musculus), rats (Rattus)
and voles (Cletbrionomys and Microtus). The serological relationships between
different isolates of hantaviruses have been swudied by indirect
immunofiuorescence assays (IFA), plaque reduction neutralization tests (PRNT)
and enzyme-linked immunosorbent assay (ELISA). On the basis of the degree of
serological cross-reactivity, hantaviruses have been classified into several serotypes
(Lee et al., 1978; Niklasson et al., 1984; Schmaljohn et al., 1985; Lee et al., 1985;
Sheshberadaran et al., 1988; Arikawa et al., 1989). Hantaan 76-118 virus, Seoul 80-
39 virus, Puumala (HlInZs B1) virus and Prospect Hill virus are prototypes of the
four major serotypes (Table 1). These viruses were isolated from different rodent

hosts and are the etiologic agents of different forms of the disease. Hantaan virus



TABLE 1

SEROTYPIC CLASSIFICATION OF HANTAVIRUSES

Serotype Prototype Virus Host Severity of Disease
HANTAAN - |Hantaan 76-118 | mice (Apodemus) severe
SEOUL Seoul 80-39 rats (Rattus) moderata
PUUMALA Halinas voles (Clethrycriomys) | miid
PROSPECT HILL | Prospect Hill voles (Microtus) no disease
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(isolated from the Korean striped field mouse, Apodemus agrarius coreae), usually

causes a severe disease whereas Seoul virus (isolated from urban rats, Rattus
rattus in Korea) causes a mild form of hemorrhagic fever. Puumala virus (isolated
from bank voles, Cletbrionomys, Scandinavia) causes nephropathia epidemica.
Prospect Hill virus (isolated from meadow voles, Microtus pennsylvanicus, in the

United States) has not been associated with any form of human disease.

Epidemiology
Hantaviruses are widely distributed. Specific antiviral antibodies have been

found in rodents and humans throughout the world (Fig. 1). Human infections
develop after a close contact with infected rodents or rodent excreta. An arthropod
vector for the virus has not been demonstrated (Lee. 1989a). Farmers, forest
workers, rmhta.ry personnel and hunters are the most affected populations and
major outbreaks of the disease occur in the late spring and in the fall. This is
related to the size of the rodent population (Apodernus and Cletbrionomys) as well
as to the activities of people (planting, harvesting and hunting) which peak in these
two seasons. However, HFRS cases are reported all year round in the endemic
rural areas because rodents usually invade houses during the snow season. Seoul-
type viruses were detected in urban rat populations, especially in major seaports.
Infection rates can exceed 50% and these rats can serve as a reservoir of human
infections (LeDuc et al., 1986). Infections with Seoul viruses occur throughout the

year, but tend to be more frequent in fall and winter seasons.



Figure 1. Worldwide distribution of hantaviruses - indicated by the demonstration
of antibodies in humans and rodents. Copied from the Manual! of Hemorrbagic

Fever with Renal Syndrome, H.W. Lee (1989).
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Human disease

Typical severe form of HFRS develops in 20 to 30% of infected individuals.
The disease can be divided into five phases: febrile, hypotensive, oliguric, diuretic
and convalescent. (Chun et al., 1989). It usually starts with sudden onset of fever
with chills lasting 3 to 6 days, conjunctival injection, prostration, anorexia,
vomiting, abdominal pain. Hemorrhagic manifestations begin about the third day,
proteinuria. about the fourth day and hypotension about the fifth. Hypotension 6r
shock develops as a result of decreased effective circulaﬁn\g blood volume due to
the capillary leakage of plasma and dilation of capillary and venular beds. Capillary
hemorrhages are most visible at the hypotensive phase, but cerebral, conjunctival
and gastrointestinal bleeding becomes most prominent during the oliguric phase.
Central nervous symptoms and pulmonary edema occur in severe cases and about
50% of the faral cases occur during the oliguric phase. Renal disorders, varying
from mild to acute renal failure, are characteristic of the acute phase and may
persist for several weeks. Recovery begins with the diuretic phase and may wke
210 3 months (Chun et al., 1989). The farality rate is 5 to 20% and the outcome
of the infection depends on the infectious dose and the immune status of the
patient. Treatment of -pa,ﬁents with ribavirin can significantly improve the clinical
picture and decrease morlity rate (Huggins et al.,, 1991). However, most patients
(70% to 80%) infected with hantaviruses develop a mild, influenza-like illness. The
disease, caused by Seoul viruses, can be divided in five phases as well, but they are

shorter and sometimes it is hard to distinguish between phases. The clinical
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manifestations are high fever, sirong abdominal pain, myalgia, conjunctivits,
petechial skin rash, hepatomegaly, hepatic dysfunction and mild renal dysfunction.
Because of the hepatic involvement, it has been suggested that Seoul virus shouid
be considered as one of the etiologic agents of non-A, non-B hepatitis (Lee, 1989a).
Nephropathia epidemica is a similar, but significandy milder disease in whi.ch the
renal manifestation dominates the hemorrhagic features. It usually resolves a few
weeks after the onset of symptoms and sequelae are uncommon. Only one fatal
case of NE has been reported so far (Linderholm et al,, 1991). Quite often,
infected individuals may have a subclinical, completely asymptomatic form of the

disease.

Animal infection

All rodents develop an asymptomatic persistent infection. Viral antigen is
most commonly seen in lungs and kidneys of infected animals. Infectious virus is
excreted in saliva, feces and urine and aerosolized excreta are the source of human
infection.

Laboratory rodents can be infected with hantavirusés (Lee et al., 1981a, b;
Tanishita et al., 1986; Yanagihara et al., 1984). Intmperiténea.l or subcutaneous
injection of newborn mice with Hantaan virus results in high virus titers in brain,
lungs, kidneys and capillary endothelium. Mice develop inflammatory and
destructive lesions and die in 2 to 3 weeks (lee et al., 198la). Passive

immunization effectively protects newborn animals (Zhang et al., 1989). The
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resistance to disease increases with age so that 3 week-old mice survive infection.
Mice are the most infectious during the first 40 days of their infection. After that
period, detectable virus decreases slowly, but remains sufficiendy high for
transmission of infection for another year. Clearance of the virus is dependent on
both humoral and cellular immune responses which develop upon infection

(Asada et al., 1987, 1988, 1989; Nakamura et al., 19853, b; McKee et al., 1985).

2. VIRION_STRUCTURE

Hantaviruses have usually spherical, enveloped virions, 80-120 nm in
diameter. The virus particle contmins RNA and four structural proteins: WO
internal proteins, the L (RNA polymerase/transcriptase) and the N (nucleocapsid)
proteins and two external glycoproteins, G1 and G2 (Fig 2). Viral glycoproteins
are embedded in a lipid bilayer derived from the host cell membrane, and are
displayed as surface projections (spikes) or a gridlike pattern on the virion surface.
Elongated particles, 110-210 nm in length, are often observed.

Virions contain three single-stranded, negative-sense RNA segments,
designated large (L), med;um M) and small (S) (Schmaljohn et al., 1983). The
RNA segments are encapsidated with nucleocapsid proteins (Schmaljohn and
Dalrymple, 1983) and associated with viral RNA polymerase (Elliot et al., 1984).

All three genome segments have a consensus 3’ terminal nucleotide
sequence, common to all virus strains examined in the genus (3'-AUCAUCAUCUG),

and inversely complementary 5’ termini. This sequence is genus specific and



Figure 2. Schematic representation of 2 hantavirus partdcle. L indicates a large
protein corresponding to the putative RNA polymerase; N represents nucleocapsid
proteins; G1 and G2 are viral glycoproteins embedded in a cell derived lipid
envelope. L nucleocapsid, M nucleocapsid and S nucleocapsid represent

encapsidated L, M and $ genomic RNAs.
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therefore differentates hantaviruses from other Bunyaviridae genera (Schmaljohn

et al., 1985).

The nucleocapsids are packaged inside a lipid envelope during budding at
internal cellular membranes, most likely Golgi vesicles (Matsuoka et al., 1991).
Assembly of biologically active virions, containing all three segments, must involve
interactions between the nucleocapsids and the internal domains of the
. glycoproteins or with the membrane itself. It has been postulated that the
difference in size of virions is directly related to the number of nucleocapsids
incorporated into a particular virus particle. Indeed, nonequimolar ratios of L, M
and S RNA molecules were extracted from purified virions, suggesting that each
virion may contain unequal numbers of three segments, with the S genomic RNA
being the most and the L genomic RNA being the least abundant (Yoo and Kang,

1987). The mechanism of assembly is not known.

3. GENOME STRUCTURE
. Moiecular characterization of the hantavirus genome has been very tedious
and slow because of slow virus growth and e:m*erriely low virus ﬁ;;.

When this project began, the coding capacity of the S and M genome
segments of Hantaan 76-118 virus was determined by cloning and sequencing
(Schmaljbhn et al., 1986b, 19872a). It was evident that the S genome segment has
a. si'x;lglc, long open reading frame (ORF) in the virus-complementary sense RNA

with the capacity to encode only one protein with a molecular weight of 48 K
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(Schmaljohn et al., 1986b). This size is consistent with the values reported for

Hantaan N protein (Schmaljohn et al.,, 1983; Elliot et al., 1984). Another small
ORF, which could potentially code for a 6 kD polypeptide, was identified in the
same reading frame immediately following the termination codon of the N gene.
However, viral protein of this size was not identified in Hantaan virus-infected cells.
This finding made hantaviruses unique among Bunyaviridae genera since the S
segments of other Buryaviruses encode the nucleocapsid (N) protein and a
nonstructural (NSy) protein either from overlapping reading frames (Bunyavirus)
or by ambisense coding strategy (Uukuviruses and Phleboviruses). |

Like the S segment, the M segment of Hantaan 76-118 virus has only one
long ORF in virus-complementary sense RNA, with a potential to encode a
polypeptide of 126 kD (Schmaljohn et al., 1987; Yoo and Kang, 1987b). The N-
terminal sequencing cf the G1 and G2 glycoproteins demonstrated that the M
segment gene product is processed into these two glycoproteins most likely by
cotranslational processing. A single M segment gene product is common to all
Bunyaviruses. However, while the polypeptide of the Hantan virus, and
uukuviruses is processed into two glycoproteins, the M segment encoded
polypeptide of bunyaviruses and phleboviruses is processed into two glycoproteins
and the nonstructural protein (NS,,). Since the nﬁcleocapsid protein and the two
glycoproteins of Hantaan virus were encoded by the $ and M segments, the largé
protein, observed in viral particles, was presumed to be encoded by the L segment.

Until now, the coding capacity of the L segment of Hantaan 76-118 virus, all
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three segments of Puumala Hillnas B1 virus and the S and M segments of Prospect

Hill virus has been determined. One of the goals of this study was to molecularly
characterize the prototype of the Seoul serotype of hantaviruses, Seoul 80-39 virus.
Comparative sequence analysis will provide a better understanding of the evolution

and pathogenesis of all four hantavirus serotypes.

4. FUNCTION OF HANTAVIRUS PROTEINS

The large (L) protein of approximately 250 kD has been found in association
with purified Hantzan virions (Elliott et al.,, 1984) and is believed to have RNA-
dependent RNA polymerase activity (Schmaljohn and Dalrymple, 1983). However,
functions of this protein have not been determined yet and further characterization
awaits expression of the L gene or the establishment of hantavirus reconstitution
systems.

The G1 and G2 envelope glycoproteins are responsible for in vitro
hemagglutination (HA) and they both stimulate production of neutralizing (NT)
antibodies (Tsai et al., 1984; Okuno et al., 1986). On the basis of neutralization of
virus infectivity by antibodies, hantaviruses were grouped into four serotypes.
although monoclonal antibodies (MAbs) to G1 and G2 of Hantaan virus have been
made and characterized, the epitopes involved in HA and NT have not been -
mapped (Arikawa et al., 1989). Only 6 out of 20 MAbs, made to li.he'glycoproteins
of Hantaan 76-118 virus, had both hemagglutination inhibiti;)n (GO) and

neutralization activity (Arikawa et al., 1989). Most of MAbs showing HI activity
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only, were MAbs to the glycoprotein G2 and two of them were able to react well
with viruses from 4ii four serotypes, Hantaan, Seoul, Prospect Hill and Puumala
r(Dantas et al.,, 1985; Arikawa et al., 1989), suggesting the existence of common
antigenic sites. Othe: antibodies were Hantaan-specific or cross-reactive with the
Seoul virus. Itis evxdent that both glycoproteins are essential for the induction of
a protective, humoral immune response. Indeed, efficient protection of newbdrn
mice from Hantaan virus .challenge was demonstrated on.ly‘ upon immunization
with récombinant baculovirus or vaccinia virus expressing both glycoproteins
(Schmaljohn et al., 1990).

Glycoproteins of hantaviruses mediate cell fusion, atlow pH (Arikawa et al,,
1985), But it is not known whether both or only one of the two proteins is
important for this process.

Like genomes of other negative-stranded RNA viruses, the genomic RNA of
hantaviruses is encapsidated with nucleocapsid proteins (NP). The process of
assembly has not been elucidated. It is presumed that some sort of specific
interaction occurs between the viral genomic RNA and NP. This interaction is
believed to be crucial for regulation of transcription and replication, as described
in the introduction to Chapter 5.

NP induces production of complement-fixing antibodies most of which are
cross-reactive within the genus. Transfer of anti-Puumala immune serum into nude
nice decréased titers of Hantaan virus in lungs and spleens. Since only the

antibodies against NP cross-react with all HFRS viruses, this protection most likely
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reflects NP cross;reactivity. Although the antibodies against NP do not have
neutralizing activity, immunization of animals with the recombinant baculovirus
expressing NP, protected the animals from Hantaan virus challenge (Schmaljohn
et al., 1990). This suggests the impcrtance -of a cell mediated immune response
to NP in Hantaan virus infections. Indeed, Asada etal. (1987, 1988, 1989) showed
that cytotoxic T lymphocytes (CTL) were generated when spleen cells from mice
infected with viruses causing HFRS were stimulated in vitro with syngeneic cells
infected with viruses. CTLs induced by Hantaan 76-118 virus were cross reactive
with target cells infected with Seoul virus, Puumala virus or Prospect Hill virus and
vice-versa. Because these studies were performed with intact virions it is not
possible to determine whether the CTL response was specific to NP.

In order to detérmine the role of the nucleocapsid protein in virus
replication, encapsidation and in the cell-mediated immune response, the
expression of the nucleocapsid protein was necessary. Therefore, one of the goals
of this study was to express high levels of the nucleocapsid protein using a

recombinant baculovirus system.

5. STAGES OF INFECTION

The first event in the virus infection process is attachment of the virus to
host cell receptor(s). The attachment is presumably mediated by viral envelope
glycoproteins. Since neutralizing and hemagglutination inhibiting sites have b;:en

detected on both the G1 and G2 proteins of Hantaan virus, it is most likely that
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both proteins are involved in attachment, either directdy or in a conformation-
dependent manner. Cellular receptor(s) involved in the atmachment of
Bunyaviruses (including hantaviruses) to the host cell, have not been identified yet.
After attachment, viral particles are most likely endocytosed. Low pH in
endosomes probably causes fusion of wral membranes with endosomal
membranes, resi.ﬂting in a release of nucleocapsids into the cytoplasm (Schmaljohn
and Paterson, 1991).

Transcription and replication of viral genomic RNA segménts (vRNAs) occur
in the cytoplasm. Virion-associated RNA polymerase starts primary transcription
(synthesis of viral-specific mRNAs from the negative-sense VRNA template) most
likely by additon of cellular mRNA-derived sequences (approximately 15
nucleotides) to their 5° ends. The 3° base of this short fragment is probably
aligned on the 3’ base of the template and is used as a primer (Bouloy et al.,
1990). The first base incorporated by the polymerase would be positon +2.
Transcription proceeds, but it never goes to the end of the templates. The
transcription of the S and L segments of LaCrosse virus (Patterson and Kolakofsky,
1984; Hacker et al., 1990) and the M segment of Germiston (GER) virus (Bouloy
et al., 1990) ends within the template sequence 3' GUUUUU 5’. The wanscription

of the S segment of the GER virus ends within a similar sequence - 3’ GUUUGU 5’

" (Bouloy etal., 1990) and the M segménts of the Snowshoe Hare (SSH) virus (Eshita

et al.,, 1985) and the Rift Valley fever virus (Thara et al., 1985) end within the 3’

ACCCC 5’ sequence. The function of these purine rich sequences in transcription



16

termination is to be determined. The 3’ termini of mRNAs of all bunyaviruses are
not polyadenylated (Kolakofsky and Hacker, 1991). The 3’ terminal sequences of
hantavirus mRNAs have not been determined yet.

In contrast to mRNA synthesis, synthesis of antigenomes and progeny |
genomes initiates with a wriphosphate at the position +1. It is hypothesized th#.t
nucleocapsid proteins interact immediately with the 5° termini of nascent chains
of antigenomes and genomes, allowipg synthesis t go right to the end of th'e
template. The hypothetical model explaining the mtch between the transcription
and replication is explained in greater detail in the introduction to Chapter 5.

Synthesis of bunyavirus NP and probably of the L protein takes place on free
polyribosomes, wherens the glycoproteins are synthesized on the membranes of
the rough endoplasmic reticalum (rER). Glycoproteins are directed to the Golgi
apparatus where they reside (Matsuoka et al., 1991). Encapsidated genomic RNA
segments associate with L proteins. It has been shown t#r~’:’.iléboﬁrm RNPs
accumulate at the cytoplasmic side of the Golgi membranes:ax: areas in which viral
envelope glycoproteins are present at the luminal face (Smith and Pifat, 1982). It
is proposed that interaction between the cytoplasmic domain of the glycoproteins
and nucleocapsid proteins of RNPs is the first step in the assembly of virions
(Garoff and Simons, 1974; Sturman et al,, 1980). After budding of virus particles
into the Golgi cisternae, virions are further transported through the trans-Golgi
network and released from the cells by exocytosis (Matsucka et al., 1991).

Hantaviruses establish noncytolytic, persistent infections in susceptible
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mammalian host cells without interfering with host macromolecular synthesis.
Most stages in hantavirus infection are similar to those reported for other
bunyaviruses. However, published data explaining the processing of hantavirus
glycoproteins and virus assembly not only are not clear but are somewhat
contradictory. Therefore, another objective of this study was to clarify the
maturation of hantavirus glycoproteins and to determine the site of hantavirus

morphogenesis.
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6. STATEMENT OF THE OBIECTIVES OF THE STUDY

The objectives of the study are the following:

Obijective 1.

a). To elucidate the molecular organization of the Seoul 80-39 genome.

b). To compare génome organization, nucleoide and amino acid
sequences of the Seoul 80-39 virus with the genomes of other
hantaviruses in order w better understand their evolutionary

relationships and differences in pathogenicity.

Objective 2.
To investigate the processing of Hantaan virus glycoproteins G1 and G2

and to determine the site of virus morphogenesis.

Objective 3.
To express the nucleocapsid protein of Seoul 80-39 and Hantaan 76-118

viruses as a first step in the characterization of their protein function(s).
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CHAPTER 2 MATERIALS AND METHODS

1. PROPAGATION OF AVIRUSES IN CELL JTURE

Cells, viruses and media

The african green monkey kidney cell line, Vero E6, was obtained from the
American Type Culture Collecion (ATCC 1008, CRL 1586) and used for the
propagation of hantaviruses.

Seoul 80-39 virus and Hantaan 76-118 virus were provided by Dr. Ho Wang
Lee (WHO collaborating center for Hanwmviruses, Korea. University, School of
Medicine).

Cells were grown in Dulbecco’s modified Eagle’s minimal essential medium
(DMEM, Gibco Laboratories, Grand Island, N.Y.) supplemented with 10% (v/v) heat
inactivated fetal calf serum (FCS) and 2 mM L-glutamine (Gibco). Cells were
propagated in 100 mm polystyrene dishes (Nunc, Kamstrup, Denmark) arl37°C in
a humidified incubator (Shel-Lab, Sheldon Manufacturing Inc. Portdand, Oregon)

- supplemented with 5% CO,.

Infections
All infectious work with hantaviruses was carried out in the level IV (D)
Biohazard Containment Facility of the Faculty of Medicine, University of Ottawa.

Confluent monolayers of Vero E6 cells were infected with hantaviruses at
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a multiplicity of infection (MOI) of approximately 0.01 plaque forming units per

cell (pfu/cell). After addition of the hantavirus inoculum, cells were incubated for
2 hours at 35°C to allow virus adsorption to occur. Fresh DMEM supplemented
with 10% FCS was added and infected cells were incubated for 4 days. The
medium was changed and incubation was continued for another 4 days. Cell
culture medium was harvested 8 days after infection and at the same time fresh
medium was added to the cell culture. Incubation was continued for another 4
days. Cell culture fluid collected on days 8 and 12 post-infection was used for

virus purification.

Plague assay

Vero E6 cells were grown in 6 well plates (Multidish 6, Nunclon, Denmark).
Monolayers were infected with 0.2 ml of 10 fold serial dilutions of hantaviruses.
After virus adsorption, inoculum was removed and cells were overlaid with 2 ml
of EMEM-agarose medium (1 x EMEM, 10% FCS, 8mM L-glutamine, 0.1 mM
nonessential amino acids (NEAA), 10 units/ml penicillin G, 100 ug/ml streptomycin
(Gibco) and 0.6% SeaKem Agarose (Marine Colloids, Inc., Baush and Lomb). Cells
infected with Hantaan 76-118 virus were incubated for 8 days and cells infected
with Seoul 80-39 virus were incubated for 10 days at 35°C when the second
overlay contining 1 X EMEM, 10% FCS, 8 mM L-glutamine, 0.1 mM NEAA, 10
units/ml penicillin G, 100 zg/ml streptomycin and 5% neutral red was added. The

incubation was continued for another 2 to 3 days, plaques were counted and virus
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titer was determined.
2. RNA ISOLATION AND ANALYSIS

Radiolabeling of viral RNA

To label hantavirus RNA (*H]-uridine (10 uCi/ml, 20-30 Ci/mmol,
Amersham, Arlington Heights, IL) was added to the culture medium at day 4 and
at day 8 after infection. The radioactivity associated with viral genomic RNA was
determined in a liquid scintillation counter (LKB Wallac, 1214 Rackbem), after RNA

isolatdon.

Isolation of Seoul 80-39 virus genomic RNA

Virus was pelleted by centrifugation of the cell culture fluid at 24,000 rpm
for 2.5 hours at 4°C in a SW 28 rotor (L8-70 Beckman ultracentrifuge). The virus
pellet was resuspende.d in STE (10 mM Tris, pH 8.0; 100 mM NaCl; 1 mM EDTA)
buffer (50 ul for every 30 ml of medium). Viral particles were disrupted by
additon of an equal volume of 2 x NENS buffer (100 mM sodium acetate, pH 5.1;
200 mM NaCl; 20 mM EDTA; 1% SDS) contining 500 ug/ml of proteinase K
(Boehringer Mannheim GmbH) and subsequent incubation at 37°C for 30 minutes.
The RNA was then exracted twice with phenol-chloroform-isoamyl alcohol

(25:24:1), once with chloroform-isoamyl alcohol (24:1) and precipitated with 0.5

volumes of 7.5 M ammonium acetate and 3 volumes of ethanol. All RNA
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precipitatons were done at -70°C, overnight.

Purification of viral RNA in a CsCl gradient

| After chloroform-isoamyl alcohol extracion, RNA was pooled, sodium
acetate pH 5.5 was added to a final concentration of 25 mM and the volume was
adjusted 10 2.7 ml with water. 2.918 g of CsCl was dissolved in this solution and
the sample was overlaid on a 1 ml cushioa of 5.7 M CsCl, 25 mM sodium acetate
(pH 5.5) and centrifuged in a SW 50.1 rotor (L8-70 Beckman ultracentrifuge) for
18 hours at 37,000 rpm and 25"(5. The supernatant was aspirated and the pelleted
RNA was resuspended in 240 ul of diethyl pyrocarbonate-treated water (DEPC-H,0)
and heated to 68°C for 5 minutes. RNA was then ethanol precipitated as described

previously.

Isolation of total cellular RNA

Cells were washed with cold phosphate buffered saline solution (PBS).
Fresh PBS was then added, the cells were scraped from plates and pelleted at 2000
rpm for 5 minutes (IEC HN-SII centrifuge, Damon, Needham Hts., MASS). 3 ml of
guanidium thiocyanate solution (4M guanidium thiocyanate; 25 mM sodium citrate,
pH 7.0 and 100 mM B-mercapto ethanol) was added and the cells were disrupted
with 2 passes through an 18 G 1 1/2 Needle. Lysed cells were overlaid on 1.2 ml
of 5.7 M CsCl, 25 mM sodium acetate (pH 5.5) and centrifuged for 12 hours at

36,000 rpm and 20°C in a SW50.1 rotor (L8-70 Beckman ultracentrifuge).
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Foliowing aspiration of the supernatant, the pelleted RNA was resuspended in

DEPC-H,0 and ethanol precipitated.

Glyoxal agarose gel electrophoresis of RNA

RNA was dissolved in 5 pf of DEPC-H,0 and added to 15 ul of sample buffer
conwining 10 mM sodium phosphate, pH 7.0 '(6.1 mM Na,HPO,, 3.9 mM
NaH,O); 09 M (6%) deionized glyoxal (BDH) and 50% dimethylsulfoxide
(DMSO). The RNA sample was heat denatured at 60°C for 20 minutes, loaded on
a 1.5% agarose gel, 22 cm long, and run for 3 hours at 100 volts (EC-103 power
pack, Mendel Scientfic Co.) in 10 mM sodium phosphate buffer, pH 7.0. The gel
was fixed in 10% acetic acid, 30% methanol for 1 hour, then in methanol for 1
hour and incubated in 3% PPO (2,5-Diphenyloxazole) in methanol overnight.

Finally, the gel was washed in water, dried and exposed to X-ray film (Du Pont) at-

. 70°C.

3. CLONING OF SEOUL 80-39 VIRUS GENOME

First and second strand cDNA synthesis

The virus specific cDNA library was made using CsCl purified viral KNA as
a template (minimum 150,000 cpm), random hexanucleotide primers and cDNA
Synthesis Systeni Plus (Amersham International plc, Amersham UK). Reactions

were performed as suggested by the manufacturer. Double stranded cDNA was

v
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size fractionated through Sepharose 4B columns, large cDNA molecules were

ligated into the Sma 1 site of pUC19 and recombinant plasmids were used to

transform E. coli JM 101 cells, as described in section 9.

Reverse u-anscﬁgtion - polymerase chain reaction (RT-PCR)

First strand cDNA synthesis was performed on the purified viral RNA
temnplate or on the total cellular RNA (cDNA Synthesis System‘ Plus, Amersham).
The resulting RNA-DNA hybrid was phenoichloroform exwracted, ethanol
precipitated and used for the second strand synthesis by PCR (Gene amp kit
Perkin Elmer Cews .Corp., Norwalk, CT). In both reaictions viral specific
oligonucleotides were used as primers. ¢DNA products were purified by gel

electrophoresis and inserted into pUC19.

4. DNA ISOLATION AND ANALYSIS

Small scale isolation of plasmid DNA from E. coli (mini-prep)

The procedure used for isolation of plasmid DNA was adapted and modified
from the alkaline exiracion method described by Birnboim and Doly (1979).
Bacteria were grown overnight in Luria broth (LB, 1% tryptone, 0.5% yeast extract,
0.5% Nad) contining 100 .-ug/ml of ampicillin at 37°C. Cells were pelleted and
resuspended in 200 ul of solution I (50 mM glucose - 25 mM TRIS-HCI, pH 8.0 -

10 mM EDTA - 5 mg/ml lysozyme). After incubation for 5 minutes at room
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temperature, the bacteria were lysed by adding 400 ul of a freshly prepared

aikaline solution, solution II (0.2 N NaOH - 1% SDS) and incubared for 5 minutes
on ice. 300 ul of 7.5 M ammonium acetate was added, the contents of the tube
were mixed and incubation was continued for another 15 minutes. After
centrifugation for 15 minutes at 4°C in a microcentrifuge (IEC Micro-MB
c-emr,iﬁxge), the supernatant was transferved to another rube, 0.6 volumes of
isopropanol were added and the resulting solution incubated at room emperature
for 15 minutes. The DNA precipitate was pelleted by cenwrifugation at 15,000 rpm
for 15 minutes. The supernatant was removed by aspiraton and the peliet was
resuspended in 100 ul of TE buffer. 100 gl of 5 M ammonium acetate was then
added and mixed. After incubation on ice for 30 minutes, the suspension was
centrifuged for 15 minutes at 4°C. The supernatant was transferred to a new
microcentrifuge tube and 2.5 volumes of ice cold 100% ethanol was added.
Another centrifugation for 10 minutes was performed to pellet plasmid DNA. The
supernatant was discarGed and the pellet was dried in 2 Speed-Vac (Savant) for 5

minutes. The pellet was resuspended in 50 ul of H,O.

Large scale isolation of plasmid DNA (maxi-prep)

The procedure was essentially the same as the small scale procedure with
following modifications. Bacteria were grown overnight in 40 ml of Terrific broth
(TB; 1.2% bacto tryptone, 2.4% bacto yeast extract, 0.4% glycerol, 17 mM KH,PO,

and 72 mM K,HPO,) containing 100 pg/ml of ampicillin. Cells were pelieted in

/
N
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Oak Ridge tubes using a JA-21 rotor (J2-21 Beckman centrifuge) for 5 minutes at

10,000 rpm. Incubation times and solutions used were as described in the mini-
prep procedure except 5 ml of solution I, 10 ml of solution II and 7.5 ml of 7.5
M ammonium acetate was used in the individual steps. After isopropanol
precipitation, the pelleted DNA was resuspended in 200 gl of TE buffer (10 mM
Tris, pH 8.0; 1 mM EDTA) and RNase A (20 pg/ml) was added and the m:xmre
incubated at 37°C for 30 minutes. 200 ul of 5 M ammonium acetate was then
' added and after further incubation on ice for 30 minutes was centrifuged for 15
minutes. The supernatant was transferred to another microcentrifuge tube and
plasmid DNA was precipitated as described in the mini-prep procedure.
Alternarively, after isopropanol precipitation, plasmid DNA was purified on
CsCl gradients as described by Sambrook et al. (1989), or Qiagen ">plasmid <" kit

was used as described by manufacturer.

DNA agarose gel electrophoresis

A DNA sample (10 ul) was mixed with 1 l of sample buffer (50% glycerol,
1% SDS, 100 mM EDTA, 0.1% bromphenol blye) and loaded onto 0.7 to 1.5 %
agarose gels prepared with Tris-f:orate buffer (TBE, 89 mM Tris; 89 mM boric acid;
2.5 mM EDTA). A "minnie"™ Submarine gel apparats, model HE33 (Hoefer
Scientific Instruments) or wide mini-Sub™ cell (Bio-Rad) was used and

electrophoresis was typically allowed to proceed for 2 hours at 100 V.
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Isolation of DNA fragments from agarose gels

A modified "freeze-squeeze™ method (Tautz and Renz, 1983) was used o
recover DNA from agarose gels. Gels were siined with ethidium bromide (EtBr)
and DNA was visualized under long-wave UV light. Bands of interest were cut from
the gel and the agarose slices were placed in 0.5 ml miu‘ocenﬁiﬁnge tubes which

' had been punctured through the cap and the bowom with a 21 G needle. The
tubes were placed in 1.5 ml decapped microcentrifuge tubes and centrifuged for
5 minutes. After centrifugation an equal volume of 0.3 M sodium acetate, pH 5.2
was added to the smashed agarose in the 1.5 ml tube. The agarose - sodium
acetate mix was transferred with a 1 ml needleless syringe to 0.5 ml tubes which
had been punctured (through the cap and the bouom) and plugged with
siliconized glass wool. These tubes were then placed in 1.5 ml decapped wbes
and frozen at -70 °C for 30 minutes. After thawing, samples were centrifuged for
5 minutes. During centrifugation, the liquid phase containing DNA passed into the
1.5 ml wbe and the agarose particles remained behind on the glass wool in the 0.5
ml tbe. If necessary, the 0.5 ml tbes were wansferred to another 1.5 ml
decapped tube and centrifugation was repeated unil no liquid was evident in the
0.5 mi be. The eluted volumes were pooled and the EtBr was removed by
extracting three times with H,O sawrated n-butanol. The DNA was then

precipitated with 2.5 volumes of ethanol, at -20°C.
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Restriction analysis

Restricion endonucleases were purchased from New England Biolabs (NEB,
Beverly, MA), Pharmacia (Dorval, Quebec, Canada), Bethesda Research
Laboratories (Gaithersburg, MD) or Promega Biotech (Madison, WI). All enzyme
reactions were performed in buffers and at mn:xperatures recommended by the

supplier. Usually, 2 to 3 units of an enzyme were used per 1 ug of DNA.
5. DNA MODIFICATIONS

Typically, 50 to 500 ng of cDNA or a restriction fragment was mixed with
100 to 200 ng of the linearized plasmid or the linearized replicative form of M13.
The reaction was c;u-ried out at 16°C, overnight in ligation buffer (20 mM Tris-HC],
pH 7.5; 10 mM Mgdz; 10 mM DTT; 1 mM ATP) with 5 units of T4 DNA ligase

(Pharmacia) and in a final volume of 20 ul.

Phosphorylation

Up to 1 ug of DNA and 10 units of T4 polynucleotide kinase were incubated
in 70 mM Tris-HCl, pH7.6 - 10 mM MgCl, - 5 mM DTT and 5 mM ATP in a final
volume of 20 ul at 37°C for 30 minutes. Subsequenty, the enzyme was inactivated
by incubation at 65°C for 15 min. 'fhe reaction was slowly cooled down to room

temperature and the DNA was phenol-chloroform extracted and ethanol
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precipitated.

Dephosphorylation

Up to 1 pg of DNA was treated with 0.5 units of calf intestinal alkaline
phosphatase (CIAP, Bochringer Mannheim) in 50 mM Tris-HCI, pH 9.0 containing
1 mM MgCl;; 0.1 mM ZnCl, and 1 mM spermidine in 2 final volume of 50 ul. For
dephosphorylation of protruding 5' termini, the reaction was incubated at 37°C for
30 minutes, ‘ano:her 0.1 unit of CIAP was added and incubation was continued for
another 30 minutes at 37°C. Recessed S’ termini or blunt ends were
dephosphorylated by incubating the reaction at 37°C for 15 minutes, then at 56°C
for 15 minutes. Another 0.1 unit of CIAP was added and incubation at both
temperatures was repeated. After the dephosphorylation reaction, 40 ul of H,O,
10 pl of 10 x STE and 5 pl of 10% SDS were added to the sample. The sample was
heated to 68°C for 15 minutes and the DNA was phenol-chloroform extracted and

ethanol precipitated.

Filling of recessed 3’ ends

Approximately 1 ug of DNA in 50 mM Tris-HCI, pH 8.0 containing 10 mM
MgSOy; 0.1 mM DTT and 50 pg/mi BSA was incubated with 80 M of dNTPs and
1-5 units of Klenow DNA polymerase (Pharmacia) at room temperature for 30
minutes in a final volume of 20-50 ul. The DNA was phenol-chloroform extracted

~ and ethanol precipitated.



Conversion of a_3' overhang to a blunt end

This reaction was done either'using the 3'-5' exonuclease activity of Klenow
DNA polymerase or using the 5'-3' polymerase and 3'-5' exonuclease activity of T4
DNa polymerase. When Klenow DNA polymerase was used, the reaction was set
as described m the previous section except dNTPs were not added. When T4 DNA
polymerase (NEB) was used, 0.1 mM dNTPs were added and the reaction was

allowed to proceed as suggested by the supplier.-
6. PREPARATION OF LABELED DNA PROBES AND HYBRIDIZATION

Nick-translation

50 ul reaction mixtures containing 1 ug of DNA, 10 uM dCTP, dGTP, dTTP,
100 pCi of [-32P]-dATP (800 Ci/mmol, Amersham), approximately 5 x 10* units
of deoxyribonuclease I (DNase I) and 5 units of DNA polymerase I in 50 mM Tris-
HCl, pH 7.2 containing 10 mM MgSO,; 0.1 mM DTT and 50 ug/ml BSA were
incubated for 1.5 hours at 16°C. Unincorporated nucleotides were removed by
passing the labeled DNA through a Sephadex G-50 column. Fractions containing
the nick-translated: probe were pooled, denatured by boiling for 10 minutes and

used for hybridization.

Colony lifting and hybridization

Bacterial colonies were lified onto Colony/PlaqueScreen Hybridization
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Transfer Membrane (NEN Research Products, DuPont), processed and used for

hybridization as recommended by the manufacturer.

Northern blotting and hybridization

Immediately after glyoxal gel démophoresis, RNA was electrophoretically
wansferred from the gel to NENl‘s Gene Screen Plus membrane (DuPont) using a
Trans-Blot™ cell (Bio-Rad Laboratories) for 12 hours at 24 V and 22°C. The

membrane was subsequentdy processed and used for hybridization as

recommended by the manufacturer.

7. SEQUENCING

Reactions

Plasmid DNA was denatured prior to sequencing in 0.2 M NaOH - 0.2 mM
EDTA for 5 minutes at room temperature. The reaction was neutralized with
sodium acetate buffer, pH 5.0 (final concentration 0.3 M) and DNA was precipitated
with 2 volumes of ethanol. The DNA pellet was washed with 70% ethanol, dried
and used for sequencing.

Sequencing was performed with either modified T7 DNA polymerase.
(Sequenase, United States Biochemical Corporation, Cleveland, OH) or with Tag
DNA polymerase (TaqTrack Sequencing System, Promega). Protocols supplied by

manufacturers were followed. Universal forward and reverse pUC primers and
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speciﬁc' primers were synthesized in an Applied Biosystems 380B DNA synthesizer

(Biotechnology Research Institute, University of Ottawa) and used to prime the

sequencing reactions.

Gels

6% acrylamide - 0.3% bis-acrylamide or §% acrylamide - 0.4% bis-acrylamide
gels éonmining 8 M urea in 1 x TBE were used for electrophoresis of sequencing
reactions on the IBI sequencing apparatus Model STS-45. The running buffer was
1 x TBE and electrophoresis was carned out at a constant power of 55 watts.
When sequencing samples were electrophoresed for 10 hours or longer, 6.5%
acrylamide - 0.35% bis-acrylamide gels containing 7.8 M urea and 1.2 x TBE were
used. The upper reservoir contained 1 x TBE and bottom reservoir contained 1.5
x TBE as running buffers and elecrophoresis was carried out at a constant power
of 50 wats. After electrophoresis, gels were transferred from the glass plate onto
Whatman (3MM) paper, dried under vacuum (Gel dryer model 583, Bio-Rad) at

80°C for 20 minutes and exposed to X-ray film (DuPont).

8. M13 PHAGE

All ¢cDNA clones were subcloned into the Kpnl - Bam HI linearized
replicative form (RF) of M13mp18 and M13mp19. Transformation of E. coli JM101

competent cells with RF of M13, plaque assay, growth of M13, detection of single-
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stranded phage DNA in culture supernatants and isolaticn of single-stranded DNA

were performed as described by iviessing (1983).

Isolation of single-stranded M13 phage DNA (maxi-

In a 125 ml Erlenmeyer flask, 12 ml of 2 x YT medium (1.6% bacto wryptone,
1% bacto yeast extract and 0.5% NaCl) was combined with 50 ul of an overnight
culture of E. coli JM101. Bacteria were grown for 1 hour at 37°C, 50 ul of phage
stock was added and the bacteria were grown for 6 hours at 37°C. Cells were
pelleted by centrifugation. The supernatant was transferred to another tube, 0.67
ml of 40% polyethylene glycol (PEG) and 0.67 ml of 5 M sodium acetate (pH 7.0)
were added, the solution was vortexed and incubated overnight at 4°C. Phage was
pelleted at 20,000 rpm for 10 minutes in SW41 rotor (L8M Beckman
-ultracentrifuge). The supernatant was discarded and the remaining liquid was
removed with cotton swabs. The pellet was- r-'esuspended in 0.6 ml of 20 mM Tris-
HCl (pH 7.2), transferred to 2 microcentrifuge tube and extracted once with
phenol, two times with phenol-chloroform (1:1/v:v) and once with chioroform.
The aqueous phase was combined with 0.05 volumes of 2.5 M sodium acetate (pH
5.2) and 2 volumes of ethanol and incubated overnight at -70°C. DNA was pelleted
by centrifugation, washed with 70% ethanol, dried in a Speed-Vac and resuspended -
in 60 ul H,;O. The concentration was deterinined by reading the Ay, in the

Beckman DU-8B spectrophotometer.



9. E. COLI CULTURES

Preparation of JM101 and [M109 competent cells

Competent cells were prepared as described by Hanahan (1983). 25 single
colonies were picked from a freshly streaked SOB agar plate (2% Bacto tryptone,
0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, MgSO,, 1.5%
agar) and dispersed in 5 ml of SOB liquid medium (the same as above, but without
 agar) by vortexing. The cells were inoculated into 250 ml of SOB and incubated
at 37°C with moderate agitation for 2 - 3 hours (until the density reaches 4 -7 x
107 viable cells/ml, A, = 0.45 - 0.55). The culture suspension was dispensed into
50 ml tubes (Falcon 2070 Blue Max™, Becton Dickinson) and chilled on ice for 10
- 15 minutes. The cells were pelleted by centrifugation at 3,000 rpm in a clinical
centrifuge (IEC HN-SII) for 12 - 15 minutes at 4°C. The supernatant was discarded
and the remaining liquid was aspirated. The cells were resuspended in 1/3 of the
initial volume of cold RF1 solution (100 mM RbCl, 50 mM MnCl, x 4 H,0, 30 mM
KOAc, 10 mM CaCl, x 2 H,O, 15% glycerol; pH adjusted to 5.8 with 0.2 M acetic
acid), incubated on ice for 15 minutes and pelleted by centrifugation at 3,000 rpm
and 4°C for 15 minutes. Pelleted cells were r&suspc;nded in 1/12.5 of the original
volume of cold RF2 solution (20 mM MOPS, 10 mM RbCl, 75 mM CaCl, x 2 H,0,
15% glycerol; pH adjusted to 6.8 with 0.2 M acetic acid} and incubated on ice for
15 minutes. Aliquots of 200 ul were dispensed into chilled scrcw cap tubes

(NuncCryomb&s) and frozen in liquid nitrogen.
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Transformation of [M101 or JM109 cells

Cells were thawed on ice. As soon as the cell suspension became liquid,
aliquots of 200 ul were placed in 10 ml snap cap tubes (Falcon 2057) and 10 ul
of DNA was added. The cells were incubated on ice for 30 minutes, heat shocked
at 42°C for 90 seconds and then chilled by returning the wbes t ice. 800 ul of
SOC medium (SOB medium with 20 mM glucose) was added, the cells were
incubated at 37°C for 1 hour with moderate agitation and then plated onto the
selective medium (LB plates containing 100 uzg/ml of ampicillin, 50 uM isopropyl-

thio-galactoside (IPTG) and 40 ug/ml of Xgal).

Preparaton of RR1 competent cells

A fresh overnight culture of RR1 cells was diluted in LB (1:50) and grown
at 37°C unitil Ag;yveached 0.40 - 6.50. The culture was then incubated on ice for
20 minutes and cells were pelleted at 3000 rpm and 4°C in clinical centrifuge.
(:.‘ells were resuspended in 1/2 of the initial volume of ice cold 0.1 M MgCl,,
repelleted immediately and resuspended in 1/15 of the inital volume of ice cold
0.1 M CaCl,. Cells were spun down, drained and resuspended in 1/10 of the initial

volume of ice cold 85 mM CaCl,, 15% glycerol.

Transformation of RR1 cells

For each transformation, 0.3 ml of competent cells was thawed on ice, 1/5

of a ligation reaction was added and the Sample was incubated on ice for 30
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minutes. Cells were heated for 2 minutes at 42°C and chilled on ice. 0.7 ml of LB
was added, the suspension was incubated for 1 hour at 37°C and then plated onto

selective medium.

10. PROTEIN ANALYSIS

- Radiolabeling of viral proteins
Eight days after infection, Hantaan virus infected cells were rinsed with
phosphate buffered saline (PBS) and methionine-free DMEM (supplemented with
mM glutamine and 10% FCS) was added. After 2 hours incubation at 35°C, the
medium was replaced with fresh DMEM contining 100 pCi/ml of L-
[>*Simethionine (NEN, DuPont). The proteins were labeled for 4 hours at 35°C.
After labeling, the cells were rinsed in ice-cold PBS, scraped with a rubber
policeman and pelleted. When purified virions were used for protein analysié, the
labeling period was extended to 24 hours. Virus was pelleted from medium
collected from twenty 100 mm plates. The pellet was resuspended in 1 ml of lysis
buffer (NP-40 or RIPA buffer) and used for three immunoprecipitation reactions

with MAbs.

Preparation of cell lysates

NP-40 cell lysates were prepared by addition of 1 ml of NP-40 lysis buffer

(20 mM Tris, pH 8.0; 137 mM NaCl; 1 mM CaCl,; 0.5 mM MgCl,; 10% glycerol; 1%
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NP-40 and 4 mM phenylmethyl sulfony! fluoride (PMSF)) to the cells harvested

from one T75 flask. RIPA cell lysates were prepared by the addition of 1 ml of
RIPA buffer (NP-40 buffer without glycerol and with 1% soéium deoxycholate and
0.1% SDS) to the pelleted cells. The cells were vortexed, incubated for 15 minutes
at 4°C and spun‘at 10,000 rpm for 10 minutes. The supernatant was used for

three immunoprecipitations.

Immunoprecipitation

To 300 ul of clarified cell lysare, 2-5 sl of MAb was added and the mixture
was incubated for at least 2 hours at 4°C with constant rowtion. Protein A
Sepharose beads (Pharmacia) were added (50 ul of 50 mg/ml suspension) and
incubation was continued for another hour. The protein A Sepharose beads were
pelleted and washed four times with. cold wash buffer (100 mM Tris; 500 mM LiCl,
pH 9.0). Protein-antibody conjugates were dissociated from protein A by boiling
for 5 minutes in sample buffer (1% SDS; 25% glycerol; 10 mM Tris, pH 6.9 and
0.02% bromphenol blue, with or without 50 mM dithiotreitol (DTT)). Samples

were either loaded onto a SDS-polyacrylamide gel or stored at -70°C.

Endoglycosidase H. endoglycosidase F and endoglycosidase D digestions

Immunoprecipitated samples were first washed and then resuspended in 30
gl of either endoglycosidase H (EH) buffer (50 mM sodium acetate, pH 5.2),

endoglycosidase F (EF) buffer (50 mM sodium acetate (pH 7.0); 0.25 mM EDTA;
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1% NP-40) or endoglycosidase D (ED) buffer (0.1 M citrate-phosphate buffer, pH

6.5). Digestion was carried out with 2 mU of EH, 0.1 U of EF or 10 mU of ED for
12 hours after which a fresh aliquot of enzyme was added and incubation was
continued for another 10 hours. Enzymes were purchased from Boehringer

Mannheim.

Glvcosylation inhibition

Eight days after infection, cells were treated with glycosylation inhibitors
during the prelabeling period (2 kr), after which fresh drug was added for the 4-hr
labeling period. The concentrations of inhibitors used were: 10 pg/ml or 2.5
ug/ml of brefeldin A (Epicentre _'Iechnoloéies, Bio/Can lScientiﬁc Inc), 3 mM
castanospermine (Boehringer Mannheim), 300 ng/ml of swainsonine (Boehringer

Mannheim) and 1 M or 10 zM monensin (Boehringer Mannheim).

Chemical cross-linking

The cleavable chemical cross-linker dithiobis(succinimidylpropionate) (DSP)
was added to NP-40 solubilized cell lysat>s to a final concentration of 1 mg/ml.
The samples were incubated for one hour at 27°C with constant rotation. The

reaction was terminated by addition of glycine to a final concentration of 2 mM.

Sucrose gradient sedimentation analysis-

The clarified cell lysate was cross-linked and layered onto 5 to 20% (wt/vol)
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linear sucrose gradients in 100 mM NaCl; 20 mM Tris, pH 7.5; 30 mM MOPS, pH

7.5; 0.1% NP-40. The gradients were centrifuged in an SW41 rotor at 37,000 rpm

for 24 hours at 4°C. Fractions of 0.6 ml were collected by puncturing the bottom

. of the mube. Hanwman virus glycoproteins were immunoprecipitated from the

collected fractions with MAbs.

Polvacryvlamide gel electrophoresis

Protein analysis was done by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). The separating gel consisted of 10% acrylamide, 0.27% bis-acrylamide,
0.1% SDS and 0.75 M Tris, pH 8.8. The stacking gel consisted of 5% acrylamide,
0.13% bis-acrylamide, 0.1% SDS and 66 mM Tris, pH 6.8. Electrophoresis was
carried out at 100 V in 25 mM Tris, 192 mM glycine, 0.1% SDS buffer using the
Mini-Protean II or Protean II Electrophoresis Cell (Bio-Rad). After electrophoresis,
gels were fixed in 30% methanol, 10% acetic acid for 30-60 minutes and prepa.reg |
for fluorography th Amplify (Amersham) for 1 hour. Gels were dried under
vacuum and exposed to X-ray film. Alternadvely, gels were stained with Coomasie
blue (0.1% coomasie blue, 40% methanol, 10% acetic acid) for 30 minutes and
proteins were visualized after several washes in destin solution (30% methanol,

10% acetic acid).

Western blot

Proteins were transferred onto Immobilon PYDF membranes (Milipore).
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Membranes were handled as suggested by manufacturer. Prior to electrobloting,
~ gel, membrane and sponges were equilibrated in transfer buffer (10 mM CAPS (3-
[cyclohexylamino]-1-propane-sulfonic acid), pH 11; 10% methanol) for 15 min.
The wansblotting sandwich (Bio:Rad) was assembled and electroblotting ‘was

performed at 90 V (300 mA) and room temperature for 30 minutes.

Immuno-blot assay
Immuno-staining of Western blots was performed with the Bio-Rad Immuno-

Blot™ Assay Kit as suggested by manufacturer.

11. EXPRESSION OF PROTEINS IN INSECT CELIS

Insect cell culture

Spodoptera frugiperda (Sf9) cells were provided by Dr. M. D. Summers,
Texas A & M University, College Station, TX. They were grown in TNM-FH medium
(M. Summers and G. Smith, 1987) supplemented with 2 mM glutamine and 10%

FCS at 27 °C.

Cotransfection
Sf9 cells were seeded into 35 mm plates at a density of 2.5 X 10° cells per
plate. Cells were allowed to attach in serum free TNM-FH medium for 30 minutes.

Cells were transfected with 2 pg of Autograpba californica nuclear polyhedrosis
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virus (AcNPV) DNA and 2 ug of pAc recombinant plasmid DNA using the calcium

phosphate method described in the CellPhect Transfection Kit (Pharmacia). The
DNA solution was aspirated, cells were genty rinsed and covered with fresh media
and incﬁbar.ed for 3 days at 27°C. Medium was collected for plaque purification

of the virus.

Plague assay
S9 cells were plated at a- density of 0.5 x 10° cells/ml and infected with 10-
fold dilutons of the virus in complete cell culture medium. After 1 hour
adsorption, the virus was aspirated and the cells were overlaid with 0.5 x TNM-FH -
1.5% low-melting agarose (Bio-Rad). When the overlay hardened, complete TNM-
FH was added and infected cells were incubated for 3-4 days at 27°C. Plaques
were either counted for determination of virus titer or selected and i'solaxed for

purification of the recombinant viruses.

Infection of Sf9 cells with recombinant baculoviruses

For the preparation of a virus stock, 1 x 10° Sf9 cells/ml were infected with
the recombinant ACNPV using a muldplicity of infection (MOI) of 0.1 w 0.5
pfia/cell. | '

To achieve a high level of expression of the recombinant protein, 2.5 x 10°

SO cells/ml were infected with the recombinant virus using a MOI of 5 pfu/cell.
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Detection_of recombinant proteins
Infected cells were harvested, rinsed with PBS and lysed in protein sample
buffer (10% SDS; 10% B-mercapto ethanol; 25% glycerol, 10 mM Tris, pH 6.9 and
0.02%-bromphenol blue). Aliquot was loaded onto SDS - polyacrylamide gels,
elecrophoresed for 2 hours at 100 V and stained with Coomasie blue, as d&scribedr
in section 10.
The specificity of expressed proteins was determined by Western blot

analysis, as described in section 10.

12. ELECTRON MICROSCOPY

Processing of tissue culture cells for thin section electron microscopy

Cells were fixed in situ with 2.5% sodium phosphate-buffered
gluraraldehydc (pH 7.4) for 2 hours at £°C, washed three times in 0.1 M sodium
phosphate buffer (pH 7.4) and postfixed in 2% sodium phosphate-buffered
osmium tetroxide. After being washed two times in water, cells were stained in
water-saturated uranyl acetate for 15 minutes, washed again two times in water and
dehydrated in ethanol (15 minutes in 50% ethanol, 15 minutes in 70% ethanol and
" 3 times for 20 minutes in 100 % ethanol). Embedding and thin sectioning of cells,
as well as electron microscopy was performed by Dr. Ian Robb, biﬁsion of

Pathology, Children’s Hospital of Eastern Ontario.
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CHAPTER 3 MOLECULAR CHARACTERIZATION OF SEOUL 80-3% VIRUS

INTRODUCTION

Seoul 80-39 virus is the prototype of the Seoul serotype of hantaviruses. All
virus isolates antigenically related to the Seoul 80-39 virus have been considered
strains of the serotype and are associated with moderate forms of the human
disease known as hemorrhagic fever with renal syndrome (HFRS). Similarly, virus
isolates-;r_tﬁch are antigenically related to the Hantaan 76-118 and Hilln3s Bl
viruses, respectively, are swains of the Hantaan and Puumala serotypes and are
associated with severe form of HFRS or ;with nephropathia epidemica, respectively.
The Prospect Hill isolate is the prototype of the fourth serotype and is not known
to cause human disease (Table 1). In order to better understand differences in the
pathogenicity of the strains of the four hantavirus serotypes, and the evolutionary
relationship between them, molecular characterization of their genomes was
necessary. Before this project began, the coding properties of the M and §
genomic RNA segments of Hantaan 76-118 virus had been determined and work
on Puumala and Prospect Hill viruses was in progress. Therefore, the objective of
this part of the project was to determine the genome organization and coding
capacity of the Seoul 80-39 virus, a representative of the Seoul serotype.

To determine molecular characteristics of the Seoul 80-39 virus, 2 cDNA
library was made using purified viral RNA as a template and random

hexanucleotides as primers. The clones obtined were grouped by cross-
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hybridization and their genomic assignment was determined by Northern blot
hybridization. The nucleotide sequences of cDNA clones were determined. The
remaining parts of the Seoul 80-39 genome were cloned by reverse transcription -
polymerase chain reaction using specific primers. The coding capacity of each
genomic RNA segment was determined and the amino acid sequence was deduced
from the nucleotide sequence information.

Molecular characteristics of the entire L and M segments and of the §
segment (from the 5° end of the viral cRNA to the nucleotide position 1332) of
Seoul 80-39 virus will be presented, discussed and cofnpared with those of other

hantaviruses. A possible evolutionary pathway of hantaviruses will be presented.
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RESULTS

1. CONSTRUCTION AND CHARACTERIZATION OF THE SEOUL 80-39 cDNA

LIBRARY
Seoul 80-39 virus genomic RNA was isolated from pelleted virions from the
culture fluid of infected Vero E6 cells and used as a template for cDNA synthesis
with random hexanucleotide primers. The cDNA molecules were size‘ﬁ'acﬁonated
by chromamgr;aphy thron;gh Sepharose 4B columns and cloned into the Smal site
~of pUC19 by blunt end ligation. E. coli JM101 competent cells were transformed
and ampicillin resistant, white colonies were selected for furr.ﬁer analysis.
| The size of the cDNA clones was determined by digestion of plasmids with
restriction endonucleases @nl and BamHI. cDNA clones were grouped by cross-
hybridization using the colony-hybridization method. 1'hé specificity of ¢cDNA
clones was determined by Northern blot hybridization (not shown). The cross-
hybridization and Northern blot hybridization-results are shown in Table 2.
Eight groups of clones (L-1 to L-8) were assigned to the L genomic RNA
segment. Group L-1 was represented by clone 1 (791 bp) and it did not hybridize
to any other group of clones in cross-hybridizations. Northern blot hybridization
revealed that this clone was L segment specific. Clone 2 (1424 bp) was a
representative of a group of 4 overlapping clones (L-2). This clone did hybridize |
with the representative of the L-3 group (clone 3, 1803 bp), but it did not hybridize

with the representative of the L4 group (clone -4, 7778 bp). Similarly, clone 4



TABLE 2

GENOMIC ASSIGNMENT OF VIRUS SPECIFIC <DNA CLONES

SEGMENT REPRESENTATIVE ~ OTHER CROSS-HYBRIDIZING
ASSIGNMENT' GROUP? CLONE CLONES IN THE GROUP
L1 1 .
L2 2 3,24, 25
L-3 3 2,4
L4 4 . 3,56
L
L5 s 46,26
L6 6 45,7, 26
L7 7 6, 8, 26,27
" L8 8 7,27
M-1 9 10, 16, 17
M-2 10 9, 11, 15, 16, 17, 18, 19
M-3 11 10, 18, 19
M
M4 12 13,23
M-S 13 12, 14, 20, 21, 22, 23
M6 14 13, 20, 21, 22, 23

1 Segment assignment was determined by Northern blot hybridization analysis

2 Distinct groups of clones were identified by cross hybridization analysis
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hybridized with clones 3, 5 and 6 (representative clones of groups L-3, L-5 and L

-6), clone 5 hybridized with clones 4 and 6 and clone 6 (929 bp) hybridized with
clones 4, 5 and 7. Therefore, we concluded that group L-5 completely overlaps
with groups L4 and L-6. Clone 7 (representative of group L-7, 877 bp) hybridized
with clones 6 and 8 (representative of group L-8, 737 bp). Since clone 3 was the
largest clone in cross-hybridizing groups L-2 to L-8, the insert of clone 3 was
isolated from an agarose gel, labeled by nick-translation and used for Northern blot
hybridization. Clone 3 hybridized with the L genomic RNA segment. Therefore,
cDNA groups L-1 to L-8 were L segment specific. -
Six groups of clones (M-1 to M-6) were assigned to the M genomic RNA
segment. Clo:;e 9 (489 bp) was a representative of the M-1 group and it hybridized
| with a representative of the M-2 groui: (clone 10,.1463 bp) which further
hybridized with a representative of the M-3 group (clone 11, 582 bp). A
representative clone of the M4 group (clone 12, 377 bp) hybridized with a
| representative clone of the M-5 group (clone 13, 821 bp) and clone 13 hybridized
with a representative clone of the M-6 group (clone 14, 953 bp). Since clone 10
was the largest clone in cross-hybridizing groups M-1 to M-3 and clone 14 was the
largest in cross-hybridizing groups M-4 to M-6, the inserts of these clones were
isolated from agarose gels, labeled by nick-translation and used for Northern blot
hybridization. These clones hybridized with M genomic RNA segment and
therefore groups M-1 to M-6 were M segment specific. A physical map of ciones

(Fig. 3) was constructed after restriction enzyme analysis with 20 different

H



Figure 3. Physical map of the L segment- and M segment-specific clones.
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endonucleases.

cDNA clones representing the S genomic RNA segment were not obtained.

2. GENOMIC ORGANIZATION AND CODING CAPACITY OF THE L. GENOMIC RNA

SEGMENT

Sequencing strategy
Seven L segment specific clones, 1, 2, 3, 4, 6, 7 and 8 (Fig. 3), were used for

sequencing. The cDNA fragments were subcloned into the Kpnl - BamHI sites of
replicative forms of both M13mp18 and M13mp19 DNA. Single stranded DNA was
isolated and sequenced by the dideoxy chain termination method in the presence

of the universal M13 forward primer or specific sequencing primers.

Strategy for cloning of the full length L genomic RNA segment

Once the sequence of the L segment specific clones was determined, we
were able to design specific primers for reverse transcription - polymerase ch#in
reaction for cloning of the 3’ end, the 5’ end and the gap between clone 1 and the
group of MIapng clones (Fig. 4. The L3’ primer has 25 nucleotides
complementary to the previously determined 3’ end of the Seoul L RNA segment
(Schmaljohn et al., 1985), whereas the DA2 primer has 10 bases complementary
to the 3’ end of @NA (the sequence was predicted from the inverse

complementarity between the 3’ and 5’ ends of the M and S segment genomic



Figure 4. Strategy for cloning of Seoul 80-39 virus L RNA segment. (A): Position
and restricion map of the cDNA clones of the L RNA segment. The 52 bases at the
. 3’ end of the L RNA segment, the region betweén nucleotides 4989 and 5343 (354
bases) and the region from end of clone 1 to the 5’ end of the vVRNA were cloned
using PCR. (B) and (C): The position and sequences of primers used for cloning
of the 3' end, the 5’ end and the gap between clone 1 and the group of
overlapping clones. All primers had a Pstl site at their 5' ends allowing insertion
of the clones into the Pstl site of pUC19. Oligonucleotides I.S‘,‘ L2 and L1 were
used to prime first strand cDNA synthesis. Subsequent amplification reactions
were performed in the presence of two primers: L3’ and L8 for obmaining the 3’
end; 12 and PL1 for the synthesis of the L2PL1 clone and L1 and DA2 for the
cloning of the 5’ end of the L RNA segment. (D): Amplified DNA sequences
representing the 3’ end (592 bp), the gap between the clones 2 and 1, L2PL1 (719

bp) and the 5’ end (816 bp) of the L segment are shown by arrows.
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RNAs). Other primers were designed according to the sequences of the clones 8

(L8), 2 (12) and 1 (L1 and FL1) (Fig. 4).

To clone the 3’ end of the L segment, the oligonucleotide L3’ was used to
prime the first strand cDNA synthesis. Since the position of clone 1 (relative to the
group of 6 clones) was not known, amplification reactions were performed in the
presence of two primers: L3’ and either L8 or PL1. The product was obtined in
the reaction with L3’ ﬁnd L8 primers (Fig. 4 ) showing that clone 1 is. positioned
downstream from the group of 6 overlapping clones. Therefore, the gap between
clone 2 and clone 1 éclone L2PL1) was filled by prirning the reverse ranscription
with the L2 primer z;nd subsequent polymerase chain reaction with primers L2 and
PL1. Similarly, the 5’ end of the L segment was obtained by reverse transcription
with the L1 primer an.d amplification reaction with primers L1 and DA2 (Fig. £).
All primers had a Ps¢I site at their 5’ termini aliowing insertion of the clones into
the Pstl site of pUC1S. Clones L3', L2PL1 and L5’ were sequenced in both
directions by the dideoxy chain termination method using specific as well as

universal pUC forward and reverse primers.

Nucleotide sequence and the deduced amino acid sequence of the L segment

The complete nucleotide sequence of the L genomic RNA segment was
determined and is presented as éomplementary, messenger sense DNA in Fig. 5.
The L segment is 6530 nucleotides long and has a base composition of 32.6% A,

16.4% C, 21.1 % G and 29.9% U. The 3’ and 5 termini are inversely
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Figure 5. Nucleotide sequence (presented as cDNA) and the deduced amino acid
sequence of the Seoul 80-39 virus L genomic RNA segment. The X-D-D muotifs,
present in RNA dependent RNA polymerase molecules, are underlined. The SDD
motif, conserved in L proteins of Bunyaviruses (hantavirus and bunyavirus) and

in the PB1 protein of influenza virus, is double underlined.
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Figure 6. Translation termination codon locations in all reading frames of the
Seoul 80-39 virus L RNA segment; three viral complementary (messenger) sense
reading frames (C1, C2, C3) and three viral sense reading frames (V1, V2, V3). The

first potential translation initiation codon is indicated by an arrow.
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complementary for 15 nucleotides and the secondary structure that would result
from base pairing (shown in Fig. 13) would have a free energy of -39.3 kcal
(calculated for the terminal 50 nucleotides). A single open reading frame (ORF)
was detected in the ﬁrst.frame of the viral compl.ement'ary (+) sense RNA (Fig. 5
and Fig. 6). It starts from the AUG codon at nucleotide position 37-39 and ends
with the UAA stop codon at nucleotide position 6490-6492. This ORF could
encodé a polypeptide of 2151 amino acids (246,662 D) which corresponds to the

size of the L protein detected in purified viral particles (Elliot et al., 1984).

3. GENOMIC ORGANIZATION AND CODING CAPACITY OF THE M GENOMIC

RINA SEGMENT

Sequencing strategy

Six M segment specific clones, 9, 10, 11, 12, 13 and 14 (Fig. 3), were
subcloned into the Kpnl - BamHI sites of the replicative form DNA of -
bacteriophages M13mp18 and M13mp19. Single stranded DNA was isolated and
used for sequencing with the universal M13 forward primer or with specific

primers.

Strategy for cloning of the full length M genomic RNA segment.

In order to obtain clones representing the 3’ end, the 5' end and the gap

between the two groups of clones, we performed first strand cDNA synthesis on
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 the viral RNA template followed by the polymerase chain reaction using specific
primers, as shown in Figure 7. Primer DAl contins 20 nucleotides
complementary to the previously determined 3° end of the Seoul M RNA
(Schmaljohn et al., 1985) whereas primer DA represents 10 bases identical to the

predicted 5° terminus of virion M genomic RNA segment (prediction based on the
| inverse complementarity between the 3’ and 5' termini of Hantaan 76-118 virus M
RNA (Schmaljohn etal., 19872, Yoo and Kang, 1987b). Other primers (DA11, DAS,
DA12 and DA14) ﬁrere ciesigned according to the previously determined sequences
of the clones. Oligonucleotide primers DA1, DA9 and DA14 were used to prime
first strand cDNA synthesis. Subsequent amplification reactions were performed
in the presence of two primers: DAl and DA11 to obtain the 3’ términus, DA9 and
DA12 for the synthesis of the middie (M) section and DA14 and DA2 were used to
synthesize the S'terminus of the M RNA segment. All primers had a PstI site at
their 5’ termini allowing insertion of resulting clones into the Ps¢I site of pUC19.
Clones were sequenced in both directions using universal pUC forward and

reverse primers.

Nucleotide sequence and the deduced amino acid sequence of the M genomic RNA

segment
The nucleotide sequence of the M genomic RNA segment of the Seoul 80-39
virus is presented in Figure 8. The virion M genomic RNA segment contains 3651

nucleotides with a base composition of 30.2% A, 18.8% C, 21.7% G and 29.3% U.



Figure 7. Strategy for cloning of Seoul 80-39 virus M genomic RNA segment. (A):
Precise position and restriction map of the cDNA clones of the M RNA segment.
The 146 bases at the 3’ terminus, the region between nucleclbtides 1723 and 2033
(310 bases) and the region from nucleotide 3244 to the 5° en& (407 bases) of the
vRNA were cloned using PCR. (B) and (C): The position and sequences of
primers used for cloning of the 3’ end, the 5’ erd and the middle section of the
Séoul 80-39 virus M genomic RNA segment by the polymerase chain reaction. All
primers had a PstI site at their 5’ termini allowing insertion of the clones into the
Pstl site of pUC19. Oligonucleotides DAL, DA9 and DA14 were used to prime first
strand cDNA synthesis. Subsequent amplification reactions were performed in the
presence of DA1 and DA11 primers to obtain the 3’ terminal clone; DA9 ax_zd DA12
primers for the synthesis of the middle (M) section and DA14 and DA2 primers for
the cloning of the 5’ terminus of the M genomic RNA segment. (D): Amplified DNA
sequences representing the 3’ terminus (235 bp), the middle section (338 bp) and

the 5’ terminus (565 bp) of the M genomic RNA segment are shown by arrows.
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Figﬁre 8. Nucleotide sequence (presented as complementary, messenger sense
DNA) and the deduced amino acid sequence of the Seoul 80-39 virus M genomic
RNA segment. Potential N-linked glycosylation sites (N-X-S(T) where X can be any
amino acid except P or D) are boxed. The four main hydrophobic domains are

underlined.
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TEAARAGCTGTTTCATTGATCTTCGTCCT TACAGAGTCCAGGTCGT TTATCARAGGACATACTGCACTACGOCTATAT TEACAGAAGGARATGATTTGT 600
»E$CLIGLGPYRWVGVVYERTYCTTG!I LT EGCKTLEEFV
TCCTGACARGGETGTCGTCACTEOAT TOARGAGAGLCATGTACCECATAGCAAGCATAGAGACAATCTGLT TTTTTATTCATCAGAMAGGGAATACATAT 700
POKAVYVSALXRGMHTYATLASITETICEFFI!IWGKGENTTY
AAGATAGTGASTCCCATCACATCCECANT GGG TCEAATGTAATAATACAGATACTAMAG T TCAAGGGTAT TATATCTCTATTATTCATGUGARCTCIG 80O
K1 vt AlTSAanGSxcmwIJborTevyaeoyyr?ictlloanws
CCECCGYATATCOECCTCCTCETGAAGACT TTAGGLLAATGGAGGT TTTTTCCCCRAT TATTACATCACCECATCEAGAASACCATEATETCECTCGEGA 900
APVTYAPAGEDTFRAMMENYVFSCI!IITSPHRKGEDHWDLPGE .
AGAAATTGEAACATACCAGAT TTCAGSGCAGATAGAGGEAAAANT CCCTCATACAGTCAGCTCCAAGAACT TARAATTCACTGU T TTTGCAGRTATTCCA 1000
E 1 ATYQ!SGQ!EAKIPUHYVSSKNLKLTAFAGILP
TCATACTEATCAACCAGTATATTGACTGEY TCAGAAGATCGTEGTT TCATATT TAGTCCTCGTCTATTTCCTAACCTAAATCAGTCACTETGTCACAACA 1100
$T$S$ TSI LYTASEDGREFIFSPGCLFP WL TIveoN
ATGCACTCCCTTTAATCTCGALGGLECTAATTRATTTAACAGGATACTATGAGGCAG TECACCCTTECAATGTATTCTGTGTCYTATCAGLACCACETEE 1200
W ALPLIWRGLI!IOBLTG?YYTEAYHKPCNYFCLVYLSGPGA
TTCATGTCRAGECY TTTCAGAAGGAGSTAT T T TLAATAT TALTTCCLCAATGTGTCTTGTGTCCAAGCAAAATACGT T TASAGCAGCTEAGCAGTAGATE 1300
S CEAFSEGCG! FEX T T SPNHNCLY S$XaQWRFRAAER GG !
AGETHTETTTGCCAMGEGT TGATATCCATATTATAGTGTACTGTAATCGTCAGAMMAAGACAAT CCTAACARMAACATTAGT TATAGCCCAATCZATTY 1400
s FVveQRVOMNWMD I I WVWYCNGSEGOKETI!ILTCTYTLVYIGCQCT!E
ATACTATTACAAGTCTCTTTTCACTGT TACCAGEGAT TGCGCATTCTATTGETATTGAGT TG TGTGTTCCACCAT TICATCCCTCEGLTACAGSTGRACT 1500
YT ! TSLFSLLPGY AHKNSTALELSEWY S GCF MG W AT AL
TTTGATCACATTCTGCT TTCGCTCOGTAT TGATTCCTGEATGTACATTAGCTATICTTTTACT ICTTAAGTTT TTTCCAMATATCCTCCACACAACCART 1600
Wl T FEECE S MV LIPALCSTLALILLYLEFEFEANTLNTSNM
CAAGAGAALTGATTCAAMGCTAT TCTACCGAARATAARGGAGEAGT TTGAAMAAACAMAGGG T TCCATEG T TTGTGAGATCTCTAAGTACCACTCTGAA, 1700
@ EMNRFKAI!ILRK!KEETFERTEKGSHNVCE!CRYECE
CATTAAAGCART TGAAGSCACATARTCTATCATGTGT TCAAGGEGAATGCCCATAT TECTTTACCCACTATCAACCCACAGAAACTCOARTTCAGGEATA 1200
TLEELREAWND LSCVAaGEEC?PYCFETHNCECEPTETATLRAMH
TTACAMAGT TTGTCAACCCACTTACCEAT TCAGARAAGAT TTARAAAAGACTGTGACTCCT CAAMATATTCCGECTGGT TCTTACCOAACATTARATCTT 1900
Y EVCOQATHRFREDLEKEKTVTPAQNI]GCPGCTY LI LNL
TTTAGGTATAMAGTAGGTGT TATAT TCTGACAATGTCGACTCTTCT TCTCATTATTGARTCCATTETCTGOGCACCARGTCCACCAGAAATCELELT TS 2000
E R Y X $s B €Y ! LY ®w T\ L L ! ES I LW AASAJAETLEL
TCLCTCTCTGGACAGATAATGETCATCATGT TRGRAGTCT TCCTATCOATAGAGACE T TGAATTAGACTTTTCT TTGLCATCTAGT TETAGGTACACATA 2100
w P L & T D N A NGV ECS VY P NRMHTDODILELDFZSLPS S SRYTY
TARMAGACATCTCACAMCCCAGT TAATGAGCAMCAGAGT GTETEATTGCACATAGAMAT TGARAG TCAAGECAT TGO TGCTGATGTCATCATCTTGRA 2200
KR NLTYTXPVYNDOGSSVSLNTIETIES®SGLE! GCADVHRKLEG
CATTELTATGATGCANGAT TGA T TTAAMAACCTEAT TTCAT TGT TATGG YGSETCEACARAATATCAATATCCATGGCACACTGCAMMATSLCATITTC 2300
WWTDARLXGELKTSFHCEYGACTXTYQYPUHTAKCHEF
AGAMGATTATGAGTATGARMATAGE TCLLCATCOACECEEEAGATTGLECACLLET TCGTACAGGT TATACTECTTGTGSCTTATATCTCOATCAATT 2400
EXDYEY S NSUMACNPPDEPGVYECTGCT ACGCLYLDOL
GAAGCTGG TAGGAACAGEET TTARAAT TATAAGTGTAAGATACAGTAGAMAGTGTGCGTCCASTTTGETCAAGACTACCTTTGTAAMEAATTCATATG 2500
KPVGETAFXII]ISVRYSRKVCVYQFGCEETLCEKTIOMN
AACCATTCETTTCTEACTAGGCATGECAMATATGTATAATTGGIACTGTATCTAAGT TT TCTCARCETGAGACTCTACTATTTCTGGOGCCCATGRANG 2600
M D CFYTRMNAKTIEIIGTYTVYSEKFSAaGEHTLLFLGP®ME
GACGTGGTATARTCT TTAAACACT GETCEACETCTACCTCTCACTT TGEAGACTETGETGATGTCATGCGTCCAMGEATAARECATTTATTTCECCTEA 2700
G GG11 ! FKMWNWCECTSTCHFGDPGDVYMNWNGPKDEKPEFILCPE
ATTCCCAGGGCAATTEAGGAMMATGTAACT TTGCCACAACTCEAGTTTGTCAATATGATGCOAATATTATCTCAGCCTATAACAMGTTCTTCCARCA 280G
FP GCO0FREKKECKXFATTPVYCETYDGNXT!!ISGYXEVLAT
ATTGATTCTTTCCAATCATT TAACACAAGEAATATACACT TCACTGATGAGAGAATTCAATGGAGAGACCCTCATGATATGC TTCGGCATCATATTANTA 2900
1 0bs$Fas FE T Sl 4 FTDERTIEWRDPDGKLRDHTIM
TCGTTATTTCTAARGATATTGAT T TTGAAMATTTGLC TGAGAATCETTGTARRGTAGGECTCCAGCCAGCARMCATAGMEL TGECTGLGGTTCAGGTET 3000
! ¥1 S K0 IDFENLAEMNPGCE X XYGLAIAANKTIET GAWGSGY
CGGGTTTACACTCACATCOLAGGTCTCTCTCACAGAATGCCCEACATTTCT CACGTCAMTAAGGGECTGTCACATGACART TTGTTATCATCCAGAMGT 3700
GFTLTCOQVSLTECPTEFLTSIRACDMAILICYGAES
GTGACACTCTCACCACGAGAAMT ACTGT CAAAAT TACCGGRAMGETGRECATAGTCCTICTTCATTTAAGTGETGTCATCECAMGAATGTTCATTAA 3200
VTLSRGONTVKI!ITGCKEKGGHSGSSSFECCHGEKETS?
CTCGECTCOANGEEAGT GEACCACATT TAGATAACG T AMAT GLAATCTCTGAGTTAGAMMATGACAMGT TTATGATGATCCTGCACCTCAATGTCGEAT 5300
T ELOASAPMLODEY MG SELENETE KVYTYDODGAPECG!
TACTTGTTCGT T TAMMAATCALS TCAATGCGTTATELGTATAATCAATGEGAAC TGCGTTGTCETAATTGTCTTGTGICTECTCCTGETETTTTCS YT 3400
TCwWwFRKKS GE WY WG I W GWYYYL YL EveLLlLLFSt
ATCCTGTTGAGCATCCTGTGTCLTGTTAGRAMGCATAMMAT CATARATCETGLTTATTAATCTTCATAGCATSTATCOAGTTTTAAMCAGTTTACCAT 3500
1 LLSILEPYVRKMWNKXTS
TAMMACT TAACCTGCCTCTAATATCTGATAACTAACTTTCATTT TTATTTTTATATCOATTAATTACTAMAAAATACTCTCTTETATCTCCCARTCT 3600

TTTATTGATTCACCLLCOTCYTOTCTTGACATCTTGLGGACTCTACTACTA



Figure 9. Positions of translation termination codons in all reading frames of the
Seoul 80-39 virus M RNA segment; three viral complementary (messenger) sense
reading frames (C1, C2, C3) and three viral sense reading frames (V1, V2, V3). The

first potential translation initiation codon is indicated by an arrow.
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The 3' and the 5° termini of the Seoul 80-39 M genomic RNA segment are inversely

complementary for 20 bases and the structure that could result from base pairing
(shown in Fig. 17) would have a free energy of -45.0 kcal (calculated for the
terminal 50 nucleotides). A single open reading frame was detected in the second
frame of the complementary, messenger sense RNA (Fig. 8 and Fig. 9). The ORF
starts with the AUG codon at nucleotide position 4749 and ends with the UAA
codon at nucleotide position 3446-3448. The predicted M segment encoded
protein has 1133 amino acids (Fig. 8) and represents a glycoprotein precursor.
A search for potential asparagine-linked glycosylation sites (Asn-X-Ser/Thr, where
X represents any amino acid except Asp or Pro) (Bause, 1983, Kornfeld and
Kornfeld, 1985) revealed that the putative G1 and G2 glycoproteins of the Seoul
80-39 virus contain five and one potential glycosylation sites, respectively (Fig. 8).
The M segment encoded protein is relatively cysteine rich (5.4%). A hydropathy
plot tshown in Fig. 19) of the predicted protein shows four principal regions of
hydrophobicity (underlined in Fig. 8). The first domain is located at the N
terminus (amino acid positions 1-16) and is the signal peptide for G1. The second °
domain is located between amino acid position 486 and 506 of G1 and most likely
represents a transmembrane region. The third hydrophobic region (amino acids
627-657) 'represents either another transmembrane region or represents a signal
peptide for G2. A highly hydrophilic region is located between the second and the
third hydrophobic domain. A fourth hydrophobic domain is located at the C

terminus of G2 (amino acid positions 1106-1126) and probably represents a
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transmembrane region of the G2. This domain is followed by a short stretch of

hydrophilic amino acids which may represent a cytoplasmic tail of G2.

4. GENOMIC ORGANIZATION AND CODING CAPACITY OF THE S GENOMIC RNA

SEGMENT

Strategy for cloning of the S genomic RNA segment

The S segment (from the 5’ end of the viral cRNA to the stop @on of the

'ORF) was cloned by reverse transcription - polymerase chain reaction. The
published sequence of the S genomic RNA segment of SR-11 virus (Arikawa et al.,
1990), which represents another strain of the Seoul serotype, was used to design
oligonucleotide primers for cloning the S segment of the Seoul 80-39 virus by PCR.
Two clones, $3-S1 and $2-S2a (Fig. 10), representing 1332 nucleotides of the S
genomic RNA segment were obtained by priming first srand ¢cDNA synthesis with
primers S3’or S2. Subsequent amplification reactions were primed with sets of two
primers: $3’ and S1 or S2 and S2a. Primer S3’ was designed so that a Pst site was
added to the 5’ terminus of the oligonucleotide and primers S1, S§2 and S2a were
representing part of the S segment sequence containing an internal Pstl site. The
presence of the restriction site allowed cloning of the ¢cDNA fragments into the PstI

site of pUC19. Sequence of the clones was determined using the dideoxy chain

termination method in the presence of viral specific or pUC universal forward ~ ..

reverse primers.
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Figure 10. Statggy for cloning of Seoul 80-39 S genomic RNA segment. (A) and
(B): Position and sequences of primers used for cloning of the S segment (from
the 5’ end to the stop codon of the long ORF of the viral cRNA). Oligonucleotides
$3’, S2 and SS were used to prime first strand cDNA synthesis and subsequent PCR
was carried out in the presence of two primers: S3° and S1 for the synthesis of
clone $3’ (C); S2 and S2a to obtain clone $2-S2a (C); SS and ST for the cloning of

the ORF only (C).
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Once the sequence was determinea, SS and ST oligonucleodde primers were
prepared and used to prime cDNA synthesis (SS) and PCR (both SS and ST). The
SS primer was complementary to the part of the $ segment RNA containing the
translation initiation codon and the ST primer was identical to the S genbmic RNA
containing the translation termination codon. A Sacl restriction site and a TATAAAT
sequence which provides the optimal context for traﬁslation initiation in insect
ceils, were added to the 5' terminus of the SS oligonucleotde. A Kpnl site was
added to the 5’ terminus of the ST oligonucleotide. The SSST fragment was
inserted into the Sacl-Kpnl sites of pUC19 and sequenced in both directions.

Sequencing of this clone confirmed the sequence of the ORF of the S genomic RNA

segment.

Nucleotide sequence and the deduced amino acid sequence of the S genomic RNA

segment

The nucleotide sequence of the cDNA representing 1332 nucleotides of the
S genomic RNA segment was determined and is presented in Figure 11. The
coding region starts with the wanslation initiation (ATG) codon at nucleotide
positions 4345 and ends with the translation termination (TAA) codon at
nucleotide positions 1330-1332. Other open reading frames were not detected in
these 133.2 nucleotides of the S segment. The product of 48 kD encoded by this
open veading frame corresponds in size to the nucleocapsid protein detected in

virions.
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Figure 11. Nucleotide.sequence (presented as complementary, messenger sense
DNA) and the deduced amino acid sequence of the Seoul 80-39 virus S genomic
RNA segment (from the 5’ terminus nucleotide positon 1332). Translation

inittation and translation termination codons are underlined.
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DISCUSSION

The objective of my initial research was to determine genome organizaton
and coding capacity of the Seoul 80-39 virus. Once the first part of the project was
finished, the characteristics of the virus genes were compared with those of other -
hantaviruses allowing us to better understand the evolutionary relationships within
the Hantavirus genus and to identify conserved structures that may be crucial for

structure and/or function of gene products.

Comparison_of coding properties of the L. M and S genome segments of

hantaviruses

Strict negative-sense coding strategy was observed in all three genomic RNA
segments of all hantaviruses énalyzed so far. The L genomic RNA segment encodes
the L protein (Antc et al., 1991b); the M genomic RNA segment encodes viral
glycoproteins (Antic et al., 1991a) as a precursor polyprotein and the S genomic
RNA segment encodes the nucleocapsid (N) protein. None of the hantavirus
genomic RNA segments has been shown to encode for a nonstructural protein.
Relatively short, noncoding sequences are flanking the coding region of each
genomic RNA segment (Table 3). Therefore, approximately 94% of the genome

contains coding information.
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Comparison of the Seoul 80-39 L genome segment with [ genome segments of

other hantaviruses and L genes of other negative-strand RNA viruses

The nucleotide sequence of the Seoul 80-39 L genomic RNA segment was
compared with nucleotide sequences of L genomic RNA segments of Hantaan 76-
118 (Schmaljohn, 1991) and Puumala HillnZs B1 virus (Stohwasser et al., 1991),
as well as with nucleotide sequences of L genes of other negative-strand RNA

lviruses using the Microgenie computer prograrh. Similarity was found only
between three hantaviral L genomic RNA segments (Fig. 12).

The 3’ and the 5’ termini of the Seoul virus, Hantaan virus and Puumala
virus are inversely complementary for 15, 9 and 20 bases respectively. If a
panhandle is formed by base pairing of the two ends, the structures would have
the free energies of -39.3 keal for Seoul virus, -23.6 kcal for Hantaan virus and -
44.9 kcal for Puumala virus (Fig. 13).

The L protein of the Seoul 80-39 virus was compared with L proteins of
Hantaan 76-118 virus, Puumala Hilln3s B1 virus and with the polymerase proteins
of other negative-sranded RNA viruses (Microgenie computer program).
Hantaviral L proteins are highly conserved (Fig. 12) and long stretches of identical
amino acids can be found (Fig. 14). However, L genes of Hantaan virus and Seoul
virus are more closely related to each other than to the L gene of Puumala virus.
Comparison :with RNA polymerases of other negative-stranded RNA viruses
revealed 44% sequence similarity only with part of the Bunyamwera virus L protein

(Elliott, 1989) and very lirde similarity (17%) with part of the PB1 protein of
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Figure 12. (A) and (B): Comparison of hantavirus L segments. Comparison is
expressed as percentages of identical nucleotide (at) and amino acid (az)
residues. Numbers in brat;kets indicate percent of similarity when conservative
amino acid changes (R=K; S=T; D=E; Q=N; Y=F; V=L=I=M; A=G; A=V) were

counted as identical.



L “ Puumala Hantaan Seoul
Segment {Halln&s) (76 - 118) (80 - 39)
Similarity | nt aa. nt. | _aa nt. aa.

Seoul H 64 89 74 85 100 100
(80 - 39)
Hantaan 64 70 100 100
(76 - 118)
Puumala 100 100
(Halln&s)
L Segment
nt. 64
aa. 69
nt. 74
aa. 85(82)
Hantaan ~ Seoul Puumala

(76 - 118) (80 - 39) (Hallnas)



Figure 13. Predicted secondary structure of the complementary 3’ and 5’ termini
of Seoul 80-39 virus; Hanman 76-118 virus; Halln3s B1 virus L genomic RNA
segments. The base pairing between the 3’ and 5’ terminal 50 nucleotides is
shown. The free energy values were calculated using the RNA folding program of

the PC/Gene computer program (version 5.11).
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Figure 14. Alignment of the deduced amino acid sequences of Seoul 80-39 virus
(SEO), Hantaan 76-118 virus (HIN) and Puumala Hillnis Bl virus (PUU) L
segments was performed by the Pileup program of the University of Wisconsin
GCG Sequence Analysis Software. The consensus sequence (CON) shows amino

acids which are conserved among all three viruses. D-D sequences are underlined.
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Figure 15. Comparison of homologous parts of L proteins of Seoul virus (SEO),
Bunyamwera virus (BUN) and influenza virus PB1 protein (PB1). Numbers

indicate amino acid positions of proteins. The SDD motif is double underlined.
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influenza virus, as shown in Fig. 15. These relatively conserved regions contzin the
SDD sequence motif surrounded by predominanty hydrophobic amino acids.
Similar sequence motifs (GDD, LDD and MDD) have been found in RNA-
polymerase molecules of bacteriophages, retroviruses and other RNA viruses
(Argos, 1988) suggesting their evolutionary conservation and functional
importance. One MDD, one SDD and six other DD motifs were observed in the
L protein of Seoul 80-39 virus. The L protein of Hantaan 76-118 virus has one
LDD, one SDD and four other DD motifs and the L protein of Puumala Halln3s
Bl virus has one LDD, one MDD, two SDP and four other DD motifs. The
position of the SDD motif is conserved in all three L proteins (Fig. 14). Homology
to polymerase proteins of LCMV, measles virus, Newcasde disease virus,
pax;ainﬂuenza virus, respiratory syncytial virus, Sendai virus, rabies and vesicular

stomatitis virus (VSV) was not detected.

Comparison of the Seoul 80-39 M genome segment with M genome segments of

other hantaviruses

The nucleotide sequence of the Seoul 83-39 M genomic RNA segment was
compared with nucleotide sequences of M genomic RNA segments of SR-11 virus
(Arikawa et al., 1990), Hantaan 76-118 virus (Schmaljobn et al., 1987a; Yoo and
Kang, 1987b), Puumala Hilln3s B1 virus (Giebel et al., 1989) and Prospect Hill
virus (Parrington et al., 1991) (Fig. 16). Extremely high conservation of the

primary structure was observed between the two viruses of the same serotype i.e. |



Figure 16. (A) and (B): Comparison of hantavirus M segments. Comparison is
expressed as percentages of identical nucleotide (nt) and amino acid (aa.)
residues. Numbers in brackets indicate percent of similarity when conservative
amino acid changes (R=K; S=T; D=E; Q=N; Y=F; V=L=I=M; A=G; A=V) were

counted as identical.
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Seoul 80-39 virus and SR-11 virus (Fig. 16A). It is interesting that 81% of these

base changes are uridine (U) o cytidine (C) or adenine (A) to guanine (G)
ransitions and they did not result in a significant change of the protein structure.
Representative viruses of different serotypes have diverged more (Fig. 16), but it
is eﬁdent that Hantaan and Seoul viruses are more closely related to one another
than to other hantaviruses and that fuumala and Prospect Hill viruses are more
similar to each other than to Seoul or Hantaan viruses (Fig. 16).

The 3’ and the 5’ termini of M genomic RNA segments of all five viruses are
inversely complementary. While the terminal sequences of the M genomic RNA
segments of Seoul 80-39 and SR-11 viruses have inversed complementarity for 20
bases, Hantaan 76-118, Hillnis Bl and Prospect Hill have inversed
complementarity for 18, 21 and 16 bases, respectively. The predicted secondary
structures resulting from base pairing would have free energies of 45 kcal for
Seoul 80-39 virus, -41.8 kcal for Hantaan 76-118 virus, -65.9 kcal for Hilinas Bl
virus and <47.4 kcal for Prospect Hill virus (Fig. 17). The free energy values were
calculated for the 3’ and 5' terminal 50 nucleotides.

M segments of all hantaviruses have one long open reading frame which
encodes envelope glycoproteins G1 and G2. Amino-terminal sequence analysis of
the G1 proteins of Hantaan and SR-11 viruses (Schmaljohn et al., 19872; Arikawa
et al., 1990) showed that the terminal residue of both proteins is leucine.
Sequences preceding the leucine residues of Hantaan and SR-11 viruses are not

similar, but they both have characteristics of typical signal sequences (vonHeijne,
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Figure 17. Predicted secondary structure of the complementary 3’ and 5 nermxm
of Seoul 80-39 virus; Hantaan 76-118 virus; Hillnis B1 virus and Prospect Hill M
genomic RNA segments. The base pairing between the 3’ and 5’ terminal 50
nucleotides is shown. The free energy val_ues were calculated using the RNA

folding program of the PC/Gene computer program (version 5.11).
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Figure 18. Alignment of the deduced amino acid sequences of Seoul 80-39 virus
(SEQ), Hantaan 76-118 virus (HTN), Puumala. Hillnis B1 virus (PUU) and PrOSpect
Hill virus (PHV) M segments was performed by the Pileup program of the
University of Wisconsin GCG Sequence Analysis Software. The consensus
sequence (CON) shows amino acids which are conserved among all four viruses.
The amino termini of the G1 and G2 proteins of Hantzan and SR-11 viruses were
determined (Schmaljohn et al., 1987; Arikawa et al., 1990) and are indicated above
the sequence. Cysteine residues are underlined. Potental N-linked glycosylation
sites are boxed and marked: (w¥) represents sites conserved in all four viruses and

(v) represents unique sites.
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1983). The G2 amino-terminal residues of Hantaan and SR-11 viruses were found
to be serine and alanine, respectively (Schmaljohn et al., 1987a; Arikawz et al.,
1990). Although amino-terminal sequence datma have not been obtained for the G2
protein of Puumala and Prospect Hill viruses, the five amino acids preceding the
G2 of Hantaan and SR-11 viruses are conserved in all four viruses. This suggests
that the G2 N-nermihal residues of the Puumala and Prospect Hill viruses are
glutamic and aspartic acids, respectively (Fig. 18). The carboxy-terminal amino
acid of the Hantaan virus G2 protein is encoded by the last codon of the M gene
(Schmaljohn et al., 1987a). However, the carboxy-terminal amino acid of the
Hantaan virus G1 protein has not been determined. Hantaan and Seoul viruses
have 641 and 643 codons, respectively, between the N-terminus of the G1 and the
N-terminus of the G2. Ifthe G1 protein contains all the amino acids, the molecular
weight of the native polypeptide would approximately be 70 K However, based
on the polyacrylamide gel electrophoresis, the glycosylated G1 protein of Hantaan
virus is estimated to be 68 kD. Specific immunoprecipitation of the G1 was
observed with antisera to peptide 588-614 of the G1, suggesting that the C-terminus
of the G1 extends at least to amino acid residues 588614 (Schmaljohn et al.,
1987a). Therefore, a small intergenic region (~6 X) may exist between the carboxy.
terminus of G1 and the amino terminus of G2. This putative intergenic region
contains the third main hydrophobic domain (amino acids 627-657) preceded by
a highly hydrophilic region (Fig. 8). A similar 6 K membrane spanning intergenic

region has been demonstrated in alphaviruses (Garoff et al., 1980; Strauss and



Figure 19. Hydrophilicity profiles of the Seoul 80-39 virus, Hantaan 76-118

virus, Puumala Hilln2s B1 virus and Prospect Hill (PH) virus M segment encoded
proteins generated using the ANTIGEN program of the PC/Gene computer
program (version 5.11} with an interval of 9 amino acids. Y axis represents the
hydrophillic index of the protein: hydrophillic sequences have positive values and
hydrophobic sequences have negative values. X axis represents the amino acid
numbers of the protein. Four main hydrophobic regions are marked: (m)
represents possible signal sequences and (aa) represents possible ransmembrane

domains.
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Strauss, 1986). It is located between the two envelope proteins, E1 and E2, and
was shown to serve as a signal sequence for the E2.

A comparison of the G1 and G2 proteins of all four viruses revealed overall
amino acid sequence homology of 43% (58% if conservative changes are counted
as identical) for the G1 and 55% (71% with conservative substitutions) for the G2.
Despite the relatively low amino acid sequence similarity, hydrophilicity profiles
of the M segment encoded pmteiﬁS are nearly superimposable (Fig. 19). "I'he
positions of almost all cysteine residues are conserved among all of the viruses as
well (Fig. 18), suggesting conformational similarities of the envelope glycoproteins
of all hantaviruses. The positions of potential asparagine-linked glycosylation sites
are also quite conserved among the viruses. Four glycosylation sites (three in G1

and one in G2) have been conserved in representative viruses of all four serotypes

(Fig. ;8).

Comparison of the Seoul 80-39 S genome segment with S genome segments of

other hantaviruses

The sequence of 1332 nucleotides of the Seoul 80-39 S genomic RNA
segment was determined, the amino acid sequence of the encoded protein
(nucleocapsid protein) was deduced and both were compared with the sequences
of other hantaviruses.

The sequence of the S genomic RNA segment of the Seoul 80-39 virus was

primarily compared with the S segment sequence of the SR-11 virus (Arikawa etal.,
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1990). Comparison revealed that 1332 nucleotides of S segments of these two

strains of the Seoul serotype differ only by 22 nucleotides. Twenty of these changes
are uridine (U) to cytidine (C) or adenine (A) to guanine (G) wansitions which is
similar to changes observed for the M genomic RNA segments of these two viruses.
The changes at the nucleotide sequence level resulted in a single amino acid
change at the position 251 (Leu/Pro). The S genomic RNA segment of the Séoul
80-39 virus was compared with S segments of other hantaviruses and data are
summarized in Figure 20. As was of:served for the L and M segments, the S
segments of Hantaan and Seoul‘ viruses are more closely related to one another
than they are to those of Puumala and Prospect Hill viruses and vice versa.

Although the 5’ end sequence of the S genomic RNA segment of Seoul 80-39
virus was not determined in this study, high conservation of the primary structure
between the two Seoul isolates suggests that the 3’ and 5’ terminal sequences of the
S genomic RNA segments are conserved. Therefore, the ends of the $ genomic
RNA of the Seoul 80-39 virus are expected to be inversely complementary, as was
shown for the other two genomic RNA segments (Fig. 214). Secondary structure
of the entire S segment genomic RNA molecule of the SR-11 virus (Fig. 21B) was
determined by RNAFOLD program of the University of Wisconsin GCG Sequence
Analysis Software. The 3’ and 5’ termini form a base paired stem in the folded
RNA suggesting a functional importance of terminal sequence conservation and
complementarity.

Alignment of the amino acid sequences of the nucleocapsid proteins of these



Figure 20 (A) and (B): Comparison of hantavirus S segments. Comparison is
expressed as percentages of identical nucleodde (nt) and amino acid (aa.)
residues. Numbers in brackets indicate percent of similarity when conservative
amino acid changes (R=K; $=T; D=E; Q=N; Y=F; V=L=I=M; A=G; A=V) were

counted as identical.
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S Prospect | Puumala | Hantaan Seoul Seoul
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Figure 21. (A): Predicted secondary structure of the complementary 3’ and 5’
termini of Seoul SR-11 virus (assumed to be identical to Seoul 80-39 virus);
Hantaan 76-118 virus; Hilln3s Bl virus and Prospect Hill S genomic RNA
segments. The base pairing between the 3" and 5’ terminal 50 nucleotides is
shown. The free energy valués were calculated using the RNA folding program of
the PC/Gene computer program (version 5.11). (B): Secondary structure of the
S segment genomic RNA molecule of the SR-11 virus as determined by the
RNAFOLD program of the University of Wisconsin GCG Sequence Analysis

Software.
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Figure 22. Alignment of the deduced amino acid sequences of Seoul 80-39 virus
(SEO), Hantaan 76-118 virus (HIN), Puumala Hilln3s B1 virus (PUU) and Prospect
Hill virus (PHV) S segments was performed by the Pileup program of the University

of Wisconsin GCG Sequence Analysis Software. The consensus sequence (CON)

shows amino acids which are conserved among all five viruses.
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Figure 23. Hydrophilicity profiles of the Seoul 80-39 virus, Hantaan 76-118

virus, Puumala Hillo3s Bl virus and Prospect Hill (PH) virus $ segment encoded
proteins generated using the ANTIGEN program of the PC/Gene computer -
program (version 5.11) with an interval of 6 amino acids. The Y axis represents the
hydrophilic index of the protein: hydrophilic sequences have positive values and
hydrophobic sequences have negative values. The X axis represents the amino acid

nurmnbers of the protein.
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viruses (Fig. 22) reveals highly conserved regions, particularly at the carboxy

terminus, as well as regions with very litde similarity. The conserved domains may
be important for interaction of nucleocapsid proteins with the viral RNA or with
other viral proteins. Positions of acidic and basic amino acids are also conserved
among all four N proteins and therefore hydrophilicity profiles (Fig. 23) are very
similar, suggesting structural similarities of these proteins. However, the points of
highest hydrophilicity which are nearly in or adjacent to an antigenic site, predicted
by the program (Hopp and Woods, 1981), are located at the N termini of N
proteins of Seoul and Hantan viruses (amino acid positions 33-38) and at the C
termini of N proteins of Hillnis Bl and Prospect Hill viruses (amino acid
posidons 357-363). Six out of seven amino acids, representing the highest
hydrophilic peak of Puumala and Prospect Hill viruses, are ccuserved in all the
viruses, the only difference being 2 conservative substituion. Additionally, amino
acids adjacent to this epitope (from the position 320 to 380) have been highly
conserved as well. Therefore, this region may represent a cross-reacting epitope.
Indeed, the sera of nephropathia epidemica patients were able to cross-react with
Hantaan nucleocapsid protein (Z3ller et al., 1989). However, the highest
hydrophilic peak of Hantzan and Seoul viruses is not in the most conserved region
of the N protein. This may explain the observation that the sera from HFRS
patients were not able to cross-react with Puumala nucleocapsid protein (Z3ller et
al., 1989). Although these two regions may represent epitopes in nucleocapsid

proteins of the viruses, it is unlikely that they are the only ones. Mapping of
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antigenic domains would provide the answers to these questions.

Evolutionary relationships between hantaviruses

Definition of the serological relationships among hantaviruses helped to
elucidate the extent of variation within the genus. However, molecular studies
were néc&ssary to determine the evolutionary reiaﬁonship of different hantavirus
serotypes and the basis for differences in their pathogenicity.

Currently, nucleotide sequence information has been. reported for some or
all of the genome segments of several viruses of the Hantaan serotype (76-118,
HojJo, Lee) (Schmaljohn etal., 1986,b; 1987,a; Yoo and Kang, 1987,b; Schmaljohn
et al,, 1988), of several viruses of the Seoul serotype (80-39, SR-11, R22) (Antic et
al., 1991a and b; Arikawa et al., 1990; Xu et al., 1991), of two viruses of the
Puumala serotype (H2lln2s Bl and Sotkamo) (Giebel et al., 1989; Stohwasser et al,,
1989 and 1991; Vapalahti et al., 1992) and of the Prospect Hill virus (Parrington
and Kang, 1990; Parrington et al,, 1991). Comparison of nucleotide and amino
acid sequences of viruses of the same serotype revealed ext;-emely high
conservation (95-99%) of their primary structures (Antic et al., 1992a): However,
sequence comparison of viruses of four different serotypes showed that Hantaan
and Seoul viruses are more similar to each other than they are to Puumala and
Prospect Hill viruses, and that Puumala and Prospect Hill viruses are more closely
related to one another than to Hantaan and Seoul viruses (Fig. 24). Therefore,

comparative analysis indicates that hantaviruses have evolved from a common



Figure 24. RelaLtive differences among the large (L), medium (M) or small (S)
segments of hantaviruses. Dendrograms were generated from multiple sequence
alignments by the Pileup program of the University of Wisconsin GCG Sequence
Analysis Software. Distance along the horizontal axis is proportional to sequence

differences.
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ancestor into at least four host-specific lineages: mouse (Hantaan-type), rat (Seoul-
type), bank vole (Puumala-type) and meadow vole (Prospect Hill) isolates (Fig. 25).
Furthermore, these viruses can be grouped into two categories. One is
represented by Seoul and Hantaan viruses and the other is represented by
Puumala and Prospect Hill viruses (Fxg 25). The categorization of hantaviruses
correlates well with the categorization of their rodent hosts. All rodent hosts
belong to the superfamily Muroidea which is divided into families. The family
Muridae is represented by two genera, Apodemus and Rattus, which are natural
reservoirs for the Hanman and Seoul viruses, respectively. The other family,
Cricetidae, is represented by two genera, Cletbrionomys and Microtus, which are
hosts for Puumala and Prospect Hill viruses, respectively. Therefore, it seems that
the viruses and rodents have co-evolved from common ancestors intc two main
groups (Fig. 25). The first group represents viruses isolated from rodents of the
family Muridae and associated with the severe or moderate forms of HFRS
(Hantaan and Seoul viruses). The second group represents viruses isolated from
rodents of the family Cricetidae and associated wiﬂ:l nephropathia epidemica
(Puumala) or no disease (Prospect Hill).

In all rodents, viral infection may persist for the life of the animal but no
virus-induced pathology has been observed. It is evident that the two viruses
isolated from the same rodent host do not differ sigrificantly e.g. Seoul 80-39 and
SR-11 viruses. However, 81% (for the M genomic RNA segment) and 90% (for the

S genomic RNA segment) of all the changes between the two Seoul isolates, at the



Figure 25. Evolutionary trees of hantaviruses and their rodent hosts.
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nucleotde sequence level were uridine (U) to cytidine (C) or adenine (A) to

guanine (G) transitions. The same type of changgs have been observed in measles
virus isolated from patients with chronic CNS infections (subacute sclerosing
panencephalitis) as well as in human parainfluenza virus isolated from persistentdy
mfecned cells (Wong et al., 1989* Cataneo et al., 1988; Cattaneo et al.,, 1989;

Murphy et al,, 1991). These changes are called biased hypermutation and are
explained by the activity of a cellular enzyme which unwinds and modifies double-
stranded RNA in eucaryotic cells (Bass and Weintraub, 1987; Wagner and
Nishikura, 1988; Bass and Weintraub, 1988). The same or a similar cellular
enzyme might cause modifications of viral RNA (Bass et al., 1989), although the
existence of a double-stranded viral RNA intermediate has not been observed.
These observations suggest that this type of mumtion might be a general
phenomenon occurring both in the infected organism and cultured cells but only
when the virus replicates in an aberrant mode. Therefore, the evolution of RNA
viruses could be determined by random viral polymerase errors, by genome

reassortment, genetic recombination and by cellular mutational activity.
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CHAPTER 4 PROCESSING OF HANTAAN VIRUS GLYCOPROTEINS AND

VIRUS MORPHOGENESIS

INTRODUCTION |

It has been shoﬁ that the bunyaviruses (Madoff and Lenard, 1982),
uukuviruses (Kuismanen et al, 1982, Kuismanen, 1984) and phleboviruses
(Anderson and Smith, 1987) mature intracellularly by budding through the Golgi
area. However, similar data reported for hantaviruses were not clear and were
somewhat contradictory. Thin section and immmunoelectron microscopy studies
have shown that the assembly of immature hantavirus particles occurs at the level
of the endoplasmic reticulum (T20 et al., 1983, Tao et al, 1985). However,
glycoproteins Gl and G2 were reported to be resistant to endoglycosidase H
digestion and sensitive 1o endoglycosidase F digestion suggesting that the
oligosaccharides are of the complex type (Schmaljohn et al.,, 1986b) and that the
proteins have to be processed in the Golgi apparatus. In another study, G1 and
G2 expressed by a recombinant vaccinia virus were associated with the Golgi
apparatus (Pensiero et al., 1988). Since the mode of glycoprotein maturation
correlates well with the site of virus morphogenesis, one would expect that the
assembly of viral particles occurs in the Golgi apparatus. Furthermore, a study by
Ruusala et al (1990 and 1992) showed that Hantaan virus glycoproteins G1 and G2,
expressed from a vaccinia virus vector, were transported to the Golgi region only

when G1 and G2 were co-expressed, but they remained endoglycosidase H
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sensitive. The expression of these proteins was performed in Hela or BHK cells
which normally do not support hantavirus growth.

The objective of my study was w0 clarify the maturation pathway of the
glycoproteins, G1 and G2, of Hantaan virus and décermine the importance of the
Golgi apparatus in virus morphogenesis.

To study processing of Hantaan virus glycoproteins, I performed
immunoprecipitations of G1 and G2 from Hantaan virus infected cell lysates
prepared with ionic or nonionic detergents using monoclonal antibodies (MAb)
specific for glycoprotein G1 or G2. I also treated Gl and G2 with
endoglycosidases H, F and D and I used inhibitors of oligosaccharide processing.
Morphogenesis of the virus was studied by thin section electron microscopy:
Hantaan virus infected cells were compared with mock infected cells and Hantaan
virus infected, brefeldin A treated cells.

The importance of the endoplasmic reticulum and the Golgi apparatus for
processing of Hantaan virus glycoproteins and virus morphogenesis will be

presented and discussed.
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RESULTS

1. MATURATION OF HANTAAN VIRUS GLYCOPROTEINS G1 AND G2

Immunoprecipitation analysis of G1 and G2

Hantaan virus infected Vero E6 cell lysates were used for
immunoprecipitation with monoclonal antibodies againstglycoprotein G1 Ml)
or G2 (MAbG2). When cell lysates were prepared with buffer containing nonionic
detergent (NP-40 buffer), both G1 and G2 glycoproteins were precipitated with
either MAbG1 or MAbG2 and were detected by reducing (Fig. 26A) as well as
nonreducing (not shown) SDS-PAGE. In contrast, when cell lysates were prepared
with a buffer contzining ionic detergents (RIPA buffer) MAbG1 precipitated only
glycoprotein G1 and MAbG2 precipitated only glycoprotein G2 (Fig. 26A). These

dara suggest that the glycoproteins form a complex that is dissociated by 0.1% SDS.

Chemical cross-linking of G1 and G2

Although the immhiaoprecipitation results suggested that the glycoproteins
G1 and G2 form a complex, we were not able to detect an intact complex by SDS-
PAGE. To provide direct evidence for the existence of a G1-G2 complex, we have
performed chemical cross-linking using dithiobis(succinimidylpropionate) - DSP.
Complexes obtained after DSP cross-linking can be dissociated by the addition of

DTT.
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Figure 26. Immunoprecipitation of Hantaan virus glycoproteins G1 and G2. (A):
G1 and G2 were immunoprecipitated from cell lysates prepared with nonionic
detergent (lanes 1-3) or from cell lysates prepared with ionic detergent (lanes 4
and 5). Samples were boiled before electrophoresis under reducing conditions.
The nucleocapsid protein was immunoprecipitated with a specific MAb as a control
(lane 1). MAbs did not precipitate molecules of a similar size from mock infected
cells (not shown). (B): Gl and G2 were cross-linked with DSP and
immunoprecipitated with MAbG1. One half of the cross-linked, immunoprecipitated
sample was electrophoresed under nonreducing conditions (lane 1); the other half
was treated with 50 mM DTT prior to elecn'opigo:z;esis (lane 2). a and b represent

high-molecular weight complex forms of glycoproteins G1 and G2. Numbers on

the side of each gel indicate M, markers in kilodaltons.
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DSP was added to NP-40 solubilized infected cell lysates prior to

immunoprecipitation with MAbs against G1 (Fig. 26B) or G2 (not shown). The
cross-linked, immunoprecipitated sample, elecrophoresed under no:ireducing
condiﬁons (Fig. 26B, lane 1) contained two high-molecular-weight species (a and
b). These two high-molecular-weight bands most likely represent oligomeric (a)
and heterodimeric (b) forms of G1 and G2. When DTT was added to the sample,
both glycoproteins G1 and G2 were detected (Fig. 26B, lane 2). However, it is
evident that cross-linking was not completely reversed by thiol reduction, since
oligomeric forms (beterodimers and possibly trimers) were stll detected.

To further examine the composition of obained complexes, cross-linked cell
lysates were loaded on sucrose gradients. Fractions collected from one tube were
used for immunoprecipitation with MAbG1 (Figs. 27A and 27B) and fractions
collected from a second tube were used for immunoprecipitation with MAbG2
(Figs. 27C and 27D). In the first 11 cross-linked, nonreduced fractions, high-
molecular-weight forms (2) were precipitated with MAbG1 (Fig. 27A). The same
molecule was precipitated with MAbG2 from: the first 9 fractons (Fig. 27C).
Molecules with a molecular weight of ~120K (b) were precipitated with MAbG1
from fractions 13 to 18 (Fig. 27A). The same 120K band was precipitated with
MADbG2 from fractions 11 to 15 (Fig. 27C). However, fractions 16 and 17, used for
immunoprecipitation with MAbG2, contained G2 monomers only (Fig. 27C). When
DTT was added to the smnplé'a&er immunoprecipitation (Figs. 27B and 27D),

complexes were dissociated to both G1 and G2.
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Figure 27. Identfication of G1-G2 complex forms by sucrose gradient
cenﬁifugaﬁon. Eighteen fractions of 0.6 ml were collected by puncturing the
bottom of each tube (fraction 1 represents the bottom of the gradient and fraction
18 is the top of the gradient). Hantaan virus glycoproteins were
immunoprecipitated from each fraction with either MAbG1 (A and B) or with
MAbG2 (C and D). Samples were boiled and electrophoresed under nonreducing
(A and C) or reducing (B and D) couditons. a and b represent high-molecular-

weight complex forms of glycoproteins G1 and G2.
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Effect of Brefeldin A on complex formation

To determine where in the cell the G1-G2 complex was formed, I reated
infected cells with brefeldin A (10 pg/mi) and prepared NP-40 cell lysates for
immunoprecipitation with MAbs. Brefeldin A causes rapid redistribution of the
Golgi region into the endoplasmic reticulum (ER) blocking any ransport from the
ER to other cellular compartments (Ordi et al., 1991, Cheung et al., 1991, Whealy
et al, 1991). If the complexes are formed in the ER, as is the case for many other
viral glycoproteins (Hurdey and Helenius, 1989), brefeldin A treatment should not
prevent complex formation. When infected cells were treated with brefeldin A, G1-
G2 complexes were formed since MAbs w either G1 or G2 precipitated both
glycoproteins from NP-40 lysates (Fig. 28, lanes 3 and 4) as was observed in
untreated cells (Fig. 28, lanes 1 and 2). This experiment demonstrates that a G1-

G2 complex is formed in the ER.

Glycosylation inhibition_and endoglycosidase digestion

In order to determine the extent of processing of N-linked oligosaccharides,
I have used various inhibitors of oligosaccharide trimming and transport. Vero E6
cells infected with Hantzan virus were treated with either brefeldin A,
castanospermine, swainsonine or monensin prior to and during labeling. Cell
lysates were prepared with RIPA buffer and used for immunoprecipitation of
glycoproteins with MAbs to both G1 and G2 (Fig. 29A).

In the presence of 10 ug/ml (Fig. 29A, lane 5) or 2.5 pg/ml (Fig. 294, lane
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Figure 28. Complex formation in the presence of brefeldin A. Using NP-40 buffer,
lysates were prepared from untreated infected cells (fanes 1 and 2) or infected cells
treated with 10 ug/mi brefeldin A (lanes 3 and 4) prior to immunoprecipitation

with either MAbG1 (lanes 1 and 3) or MAbG2 (lanes 2 and 4) and electrophoresis.
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8) of brefeldin A, immunoprecipitated viral glycoproteins G1 and G2 migrated

identically to viral glycoproteins labeled in the absence of the drug (Fig. 294, lanes
1 and 4), suggesting that trimming or addition of terminal sugars does not occur
in the Golgi apparatus. However, wrimming of glucose residues from the
asparagine-linked precursor is required, as castanospermine, which inhibits a-
glucosidase I in the rough ER, caused slower migration of Hantaan G1 and G2 (Fig.
294, lane 11).

Swainsonine also inhibits a Golgi function, that of the trimming enzyme a-
mannosidase II. This enzyme acts late in the processing of carbohydrates‘ from
high mannose to complex type sugars. Treatment of infected cells with this
inhibitor again did not change the migration of the viral glycoproteins (Fig. 29A,
lane 14), confirming that the N-linked oligosaccharides of Hantaan virus
glycoproteins G1 and G2 are not complex.

The ionophore monensin slows or arrests intra-Golgi transport and inhibits
or prevents late Golgi functions such as terminal N-glycosylation, sulfation of
proteoglycans and proprotein processing (Farquar, 1985). Treamment of infected
cells with monensin had no effect on the migration (Fig. 29A, lanes 17 and 20) of
G1 and GZ;

Processing of glycoproteins can be studied by endoglycosidase sensitivity
assays. Oligosaccharide chains containing mannose residues only can be rimmed
from a glycoprotein both by endoglycosidase H (EH) and endoglycosidase F (EF).

However, oliosaccharide chains containing complex sugars can be trimmed from
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a glycoprotein by EF only. Therefore, incorporation of complex sugar residues in
the mid- and trans-Golgi can be observed by shift from the EH sensitive to the EH
resistant form of a glycoprotein. In both untreated samples (Fig. 294, lanes 2 and
3) and samples treated with glycosylation inhibitors (Fig. 29A, lanes 6, 7, 9, 10, 12,
13, 15, 16, 18, 19, 21 and 22), both glycoproteins were sensitive to digestior: with
endoglycosidase H as well as endoglycosidase F. These results indicate that the
mature N-linked oligosaccharides of both G1 and G2 are of the high mannose type.
This conclusion was confirmed in a further experiment showing that the
glycoproteins immunoprecipitated from virions were also sensitive t
endoglycosidase H (Fig. 29 B).

Although these results suggest that évents occurring in the mid- and trans-
Golgi are not necessary for processing of G1 and G2, the trimming of the high
mannose carbohydrates may still ke place in the cis-Golgi , by the enzyme a-
mannosidase I. This enzyme trims the sgucture (Man)(GIcNAc),, formed in the
ER, to (Man)(GlcNAc),, which is sensitive to endoglycosidase D. To test whether
Hantaan virus glycoproteins are trimmed by this enzyme, G1 and G2 were
immunoprecipitated from infected cell lysates and treated with endoglycosidase D
(Fig. 29C, lane 4). The fact that both G1 and G2 were resistant to endoglycosidase
D, but sensitive to endoglycosidase H, suggests a structure with more than five
mahnose residues. The same result was obtained with Gl and G2
immunoprecipitated from purified virions (Fig. 29D, lane 2). 'I'herefdre, trimming

of oligosaccharides involves the rimming of glucose residues from the asparagine-
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Figure 29. Endoglycosidase sensitivity and inhibition of processing of Hantaan
virus glycoproteins G1 and G2. (A): Infected cells were treated with: brefeidin A
(10 ug/ml, lanes 5-7 or 2.5 pg/ml, lanes 8-10), castanospermine (lanes 11-13),
swainsonine (lanes 14-16) or monensin (1 gM, lates 17-19 or 10 uM, lanes 20-22)
during the prelabeling period (2 hr), after which fresh drug was added for the 4-hr
labeling period. Control cultures were infected but were not treated with any
inhibitors (lanes 1-4). Lysates were immunoprecipitated with a mixture of MAbG1
and MAbG2. Immunoprecipitated samples were treated with endoglycosidase H
(EH) or endoglycosidase F (EF) or were untreated. Lanes 1-4 were exposed for
2 days, lanes 5-16 were exposed for 6 days and lanes 17-22 were exposed for 14
days. (B): EH and EF digestion of G1 and G2 from virions: Glycoproteins and
nucleocapsid protein were immunoprecipitated from purified virions (lane 1) and
treated with EH (lane 2) or EF (lane 3). (C): Glycoproteins immunoprecipitated
from infected cell lysates (lane 1), treated with EH (lane 2), EF (lane 3) and
endoglycosidase D (ED) (lane 4). (D): Glycoproteins immunoprecipitﬁ:ed from

purified virions (lane 1) and treated with ED (lane 2).
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linked precursor by a-glucosidase I of the rough ER and possibly the trimming of

mannose residues from the structure (Man)o(GlcNAc);, to the structure
(Man)4(GIcNAc), by al,2-mannosidase of the rough ER and further to structures

(Man),(GIcNAC), or (Man)g(GlcNAc), by a-mannosidase I of the cis-Golgi.

2. VIRUS MORPHOGENESIS

Thin_section electron Microscopy

Thin sections of mock infected, Hantaan virus infected and brefeldin A
treated, Hantan virus infected Vero E6 cells were prepared 8 days after infection.
Virus-like particles were observed in the region of the trans-Golgi network but only
in infected, brefeldin A untreated cells (Fig. 30 and 31). The absence of maturing
virions in infected, brefeldin A treated cells (Fig. 32) indicates that the Golgi
apparatus is an essential cellular comnpartment for virus morphogenesis, although
it may not be important for processing of viral glycoproteins. Virus-like structures
were not observed in mock-infected cells (Fig. 33). Although electron micrographs
of infected, brefeldin A treated cells (Fig. 32) and mock infected cells (Fig. 33) were
taken at magnifications of ca. 14,000 X and 33,000 X, virus-like particles were not

observed in these samples under magnification of ca. 100,000 (not shown).
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Figure 30. Thin section electron microscopy of Hantaan virus infected cells, 8 days
after infection (2 and b). Arrows indicate virions in the Golgi apparatus (G). rER
indicates rough endoplasmic reticulum. Magnification: (2) ca. 150,000 X, (b) ca.

100,000
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Figure 31. Thin section electron microscopy of Hantazn virus infected celis, 8 days
after infection (2 and b). Arrows indicate budding virions and G indicates Golgi

apparatus. Magnificaton: (a): ca. 100,000 X, (b): ca. 150,000 X
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Figure 32. Thin section electron microscopy of brefeldin A treated, Hantaan virus
infected cells, 8 days after infection (a and b). Absence of Golgi apparatus and
dilated endoplasmic reticulum (indicated by arrows) is evident on both electron

micrographs. Magnification: (3): ca. 14,000 X, (b): ca. 33,000 X

ra
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Figure 33. Thin section electron microscopy of mock infected cells. Magnification:

ca. 33,000.
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DISCUSSION

Virus assembly requires the synthesis and transport of all structural
components to the site where the virus particles are formed. 4 Studies on
processing of viral envelope glycoproteins have suggested their key role in
determining the site of virus maturation. The mRNAs encoding viral glycoproteins
are translated on the membranes of the rough endoplasmic reticulum (rER). The
proteins are cotranslationally glycosylated in the lumen of the ER. These
glycoproteins can be retained in the ER, e.g. Rotavirus glycoprdueins VP7 and NS28
(Estes, 1991), orcan be transported to the Golgi apparatus where modification of
oligosaccharide chains (trimming of mannose residues and addition of complex
'sugars) occurs. After processing, glycoproteins ¢an be transported © the cell
membrane, e‘.g. alphaviruses (Schlesinger and Schlesinger), rhabdoviruses (Wagner,
1991), paramyxoviruses (Kingsbury, 1991), orthomyxoviruses (Kingsbury, 1991),
arenaviruses (Bishop, 1991), retroviruses (Coffin, 1991); or they can be rewined
in the Golgi apparatus as was shown for coronaviruses (Holmes, 1991) and
bunyaviruses (Matsuoka et al, 1991). Other structural components
(nucleocapsids) of the virus are directed towards the site of glyéoprotein
accumulation, where the assembly and bu&ding of virus particles occurs.
Rotaviruses mature by budding through the membrane of the ER (Estes, 1991);
asser'nbly and budding of alphaviruses (Schlesinger and Schlesinger, 1991),
rhabdoviruses (Wagner, 1991), paramyxo- and orthomyxoviruses (Kingsbury,

1991), arenaviruses (Bishop, 1991) and retroviruses (Coffin, 1991) occurs at the
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cell membrane. Coronaviruses (Holmes, 1991) and bunyaviruses (Schmaljohn and

Parterson) bud through the cisternae of the Golgi apparatus.

Specific targeting mechanisms must exist for selective transport and
localization of proteins in various cellular compamnenfs. It has been
demonstrated that resident ER proteins can be distinguished from non-resident
proteins by the presence of specific signals within the protein sequence. Several
soluble ER proteins (Pelham, 1988 and 1989) were found to contain the
tetrapeptide sequence, Lys-Asp-Glu-Leu (KDEL) which is responsible for their
retention in the ER. However, for the efficient transport of proteins from the ER to
the Golgi apparatus, the correct folding, assembly and/or oligomerization of
proteins was shown to be essential (Rose and Doms, 1988; Copeland et al., 1986;
Doms et al., 1988; Gething et al., 1986; Hurdey and Helenius, 1989; Kreis and
Lodish, 1986). Glycoproteins of bunyavin;ses and coronaviruses seem to behave
like Golgi-resident proteins. Machamer and Rose, 1987, have shown that the first
transmembrane domain of the E1 glycoprotein of a coronavirus contains a Golgi
retention signal. However, studies with glycoproteins of bunyaviruses (PuntaToro
virus (Chen et al., 1991; Matsuoka et al., 1991) and Hantaan virus (Ruusala et al.,
1992)) expressed in vaccinia virus system demonstrated that the G1 and G2 were
targeted to the Golgi complex only when they were co-expressed. Expression of
only G1 oi-_ G2 resulted in retention of the glycoprotein in the ER. Our results
show that glycoproteins G1 and G2 of Hantaan virus form a heterodimer in the

endoplasmic reticulum. Therefore, heterodimerization seems to be 2 necessary
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requirement for the transport of Hantaan virus glycoproteins from the ER to the
Golgi region. However, we can not conclude that the dimerization is_the only
signal necessary for Golgi targeting and retention. We can speculate that one (or
more) transmembrane regions of the G1 and/or G2 contain a Golgi retention
signal, as was shown for the E1 glycoprotein of a coronavirus. Characterization of
signals which are important for Golgi retention awaits construction and expression
of mutated or Ehimeric glycoproteins.

In comparison to glycoproteins of other bunyaviruses, our findings show
that Hantaan virus glycoproteins G1 and G2 are unique, both in the composition
of their oligosaccharide chains and their localization. While glycoproteins of other
bunyaviruses have complex sugars and therefore require the Golgi apparatus for
processing and glycosylation, glycoproteins of hantaviruses seem to be processed
in the ER, but are stll u-a.nspor:ed'm the Golgi. Unless the enzyme a-mannosidase
I of the ¢is-Golgi is necessary for trimming of mannose residues from the structure
(Man)z(GleNAC), to structures (Man).(GIcNAC), or (Man) 4(GIcNAC),, enzymes of the
Golgi apparatus do not seem to be involved in processing of Hantaan virus
glycoproteins. Therefore, it is possible that both processing of the glycoproteins
and complex formation occur in the ER and that the ransport and retention of the

- glycoproteins in the Golgi is necessary only for virus assembly and budding.
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CHAPTER 5 EXPRESSION OF THE NUCLEOCArSID PROTEIN OF

HANTAAN 76-118 VIRUS AND SEOUL 80-39 VIRUS

INTRODUCTION

Hantavirus RNA segments are enéapsidaned with nucleocapsid proteins and
associated with small amounts of L (polymerase/transcriptase) protein. It is not
clear how the RNA and the N protein interact with each other to form a helical
nucleocapsid, but the assembly of RNPs seems to be an important process for
regulaton of viral transcription and replication. There is not very much data
explaining the encapsidation process and its significance in the control of switching
between transcription and replication in Bunyaviruses.

Assembly of RNPs is thought to be controlled at the level of initiation of RNA
synthesis. The N protein would interact with a specific sequence on its target RNA.
Specificity of this reaction would be controlled by sequences conserved at the 5’
termini of both genome and antigenome chains, i.e. the terminal 11 nucleotides.
However, viral mRNAs also contain this sequence, but not at the precise 5’ ends.
In the latter case, the affinity of the interaction between the mRNA and the N
protein would be much lower. Itis proposed that after the first N protein interacts
with the conserved RNA sequence, additional N molecules interact with both the
RNA and the preexisting N in the complex, allowing encapsidation of sequences

further downstream (Kolakofsky and Hacker, 1991). Therefore, if the
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concentration of N is relatvely low, only genomes and antigenomes would be
assembled. mRNAs would be translated and newly synthesized proteins would be
used for replication, transcription and virus morphogenesis. As the viral infection
progresses, the pool of unassembled N increases and N would begin o associate
with viral mRNAs. These assembled mRNAs could not be translated in vitro
(Hacker et al., 1989) and therefore, N would directly down regulate the synthesis |
of viral proteins and RNA. Expression of cellular mRNAs presumably would not
be affected because the unassembled N protein would have significantly lower
affinity for the cellular RNA molecules (Hacker et al., 1989). All this leads w the
hypothesis which e:;plains the switch between replication and transcription: as
soon as the synthesis of the antigenome chain starts, N protein would recognize
and bind to the 5’ terminal sequence with high affinity. Other N proteins would
then interact with the synthesizing RNA molecule and prevent interactions between
the nascent antigenome chain and the template thus preventing premature
termination. Because N protein does not have a high affinity for the 5’ terminus of
the mRNA, the nascent mRNA chains would not be encapsidated. Thus, they would
be able to interact with the template and to terminate after the stop codon and
before the end of the template (Kolakofsky and Hacker, 1991).

To obtin conclusive information on virus encapsidation, transcription and
replication, it is necessary to dissect the viral genome and viral proteins into
functional units and perform in vitro and in vivo reconstitution experiments. One

of the steps towards this goal was to express the nucleocépsid protein.
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Nucleocapsid proteins of Hantaan 76-118 and Seoul 80-39 virus were
expressed using a baculovirus expression system. The polyhedrin gene of
Autograpba californica nuclear polyhedrosis virus (AcNPV) is not essental for
virus infection or replication in the cell culture. Expression of this gene is
regulated by a strong promoter and therefore polyhedrin protein accumulates to
very high levels in cells, in the form of viral occlusions (polyhedra). Replacement
or inactivation of thé polyhedrin gene by a fofeign gene results in the production
of occlusion negative viruses (Occ’) which are easy to select and which express

high levels of a recombinant protein (Summers and Smith, 1987).
RESULTS

1. CONSTRUCTION OF A RECOMBINANT BACULOVIRUS

Recombinant baculovirus expressing Hantaan virus nucleocapsid protein
(AcNPV/Hantaan N) was obmined from C. S. Schmaljohn, USAMRID, and
recombinant virus expressing the N protein of the Seoul virus was constructed.
The full length N gene of Seoul virus, without non-coding sequences, was
represented by clone SS-ST obtained by the reverse transcription - polymerase
chain reaction (as described in Chapter 3). It was subcloned into the baculovirus
transfer vector pAcYM1-Hu (Fig. 34). This vector contains an EcoRI fragment of the
AcNPV genome inserted into a pUC8-based plasmid. This fragment cpnmins all the

upstream sequences of the polyhedrin gene followed by the mserted multple

L
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Figure 34. Subcloning of the Seoul 80-39 virus nucleocapsid (N) protein gene into
the baculovirus transfer vector pAcYM1-Hu. pAcYM1-Hu vector was constructed
by inserting the multple cloning site (PstISacl-Kpnl-Smal-Bam¥HI) iﬂm the BamHI
site of pAcYM1 vector (Hu, Y.W.).  The Seoul N gene was represented by clone SS-
ST (black areas) and was subcloned as a Sacl-Kpnl insert into pAcYM1-Hu. Shaded

areas represent baculovirus derived sequences and clear areas represent pUCS

derived sequences.
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cloning site Pstl-Sacl-Kpnl-Smal-BamHI (Hu, Y. W., personal communication). It

lacks the polyhedrin coding region and the 13 nucleotides downstream from the
translation termination codon, but conains following downstream sequences.
These sequences would allow in vivo recombination between the pAcYM1-Hu and
the wild type AcMNPV DNA (Fig. 35). The SS-ST clone was flanked by Sacl and
Kpnl sequences and therefore was directionally inserted into pAcYMI-Hu,
downstream of the polyhedrin gene promoter. E. coli RR1 comlpetent cells were

wansformed with the plasmid designated as pAcYMI1-Hu/SeoulN and sterile
plasmid DNA was prepared for transfection. Spodoptera frugiperda cells (Sf9)
were co-transfected with pAcYM1-Hu/SeoulN DNA and with wild type ACMNFV
DNA (Fig. 35). The culture supernatant was ‘collecced 4 days later and titrated in
monolayers of Sf9 cells. Plaques lacking occlusion bodies were picked and
subsequenty plaque-purified 3 times. Purified recombinant virus designated as

AcMNPV-Hu/SeoulN was isolated and used for expression of Seoul N protein.

2. EXPRESSION OF HANTAAN AND SEOUL VIRUS NUCLEQCAPSID PROTEINS

The expression of nucleocapsid proteins in Sf cells was determined by
elecrophoresis of infected cell lys@ on SDS-polyacrylamide gels.” Gels were
stained with Coomasie-blue stzin and proteins were visualized after destaining.
Proteins expressed in recombinant virus infected cells were compared with
proteins expressed in mock- and wild type AcMNPYV infected cells (Fig. 36A) .

To determine the specificity of expressed proteins, mock infected, wild type
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Figure 35. Strategy for the production of recombinant baculovirus. Black areas
represent inserted foreign gene (Seoul N) to be expressed and shaded areas
represent baculovirus derived sequences. Approximate positions of transcription

initiation, transcription termination and translation termination is marked.
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Figure 36. .Analysis of proteins expressed in Sf9 cells. (A): Proteins expressed in
mock infected Sf9 cells (lane 1), wild-type AcMNPV infected Sf9 cells (lane 2),
recombinant ACMNPV/HantaanN virus infected S cells (lane 3) and recombinant
AcMNPV-Hu/SeoulN virus infected Sf9 cells (lane 4). Low-molecular weight
markers (Bio-Rad) were run in lane 5. (B): Immuno-blot stining of mock
infected Sf9 cells (lane 2), wild-type AcMNPV infected Sf? cells (lane 3),
recombinant AcCMNPV/HantaanN virus infected Sf9 cells (lane 4) and recombinant
AcMNFV-Hu/SeoulN nrusmfected Sf9 cells (fane 5) with the serum of a Seoul
virus infected patient. Pre-stained low-molecular weight markers (Bio-Rad) are
shown in lane 1. Molecular mass of each n';arlcer (in kilo daltons) is shown on the

right side of the gel and the left side of the blot
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infected and recombinant virus infected cell lysates were electrophoresed,
elecroblotted onto nylon membrane and immuno-stained with the convalescent
serum of a patient infected with Seoul virus. Recombinant viruses expressed al
large amount of products (Fig. 364, lanes 3 and 4) that had the same characteristics

as the native viral N proteins.

DISCUSSION

The objective of this study was to express nucleocapsid proteins of Hantaan
76-118 and Seoul 80-39 virus. To obtain high levels of expression, the baculovirus
expression system was employed.

Proteins of approximately 48 kD were expressed in Sf9 cells infected with
recombinant baculoviruses (Fig. 364, lanes 3 and 4). Large quantities of proteins
were obtained and their specificity was confirmed by Western blot analysis (Fig.
36B, lanes 4 and 5). Approximately 80 ug of Hantaan N protein and 55 pg of
Seoul N protein were obtained from 6x10° cells. The observed difference in the
level of expression of these two proteins can be auributed either w the small -
difference in nature of these two proteins or to the fact that their translaton
‘initiation codons were not positioned at the same distance from the promoter.
Since the Seoul N gene was inserted into the muitiple cloning site of pAcYM1-Hu,
it had 12 extra nucleotides in between the translation initiation codon and the
promoter, compared to the Hantaan N gene which was inserted into 2 unique

BamHI site of pAcYM1. However, regardless of the observed difference, the level |
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of expression for both proteins is sufficientdy high for use in future purification

and functional studies.
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CHAPTER 6 CONCLUSIONS

The first objective of this study was to elucidate the genome organization of
the Seoul 80-39 virus. A comparison of the molecular characteristics of the Seoul
80-39 virus with other members of the Hantavirus genus will provide a better
understanding of the evolutionary relatonships within this new genus of the
Bunyavmdae family.

The strategy for determining molecular characteristics of Seoul 80-39 virus
was o generate a ¢DNA library from viral genomic RNA. Fourteen groups of
clones were identified by cross-hybridization and their segment assignments were
determined by Northern blot hybridization. The remaining parts of the genome
were clorﬁdrby,_t_he reverse transcription-polymerase chain reaction. Sequencing
of virus-specific cDNA clones revealed the coding capacity of all three genomic RNA
segments (L, M and S) of the Seoul 80-39 virus. All three segments have a single
open reading frame in virus-complementary RNA sense. The L genomic RNA
segment encodes a large (L) protein which is an RNA-dependent RNA polymerase
molecule. The M genomic RNA segment encodes a polypeptide which is
cotranslationally processed into two viral glycoproteins G1 and G2 and the S
genomic RNA segment encodes a nucleocapsid (N) protein. Out of "1}950
nucleoﬁdes;in the Seoul virus genome, only 802 nucleotides are goncoding.- Thg
same coding strategy has been observed for all members of the Hantavirus genus.

A comparison of nucleotide and amino acid sequences of hantaviruses
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revealed two distinct evolutionary pathways which split into four branches. One

pathway includes the Hantazan virus branch and Seoul virus branch, i.e. Muridge-
(Appodemus and Rattus) borne viruses. The second pathway includes. the
Puumala virus and Prospect Hill virus branches, i.e. Cricetidae- (Cletbrionomys
and Microtus) borne viruses. The evolution of these viruses was probably
inﬂuenced by many factors, but the most siglﬁﬁmt factor appears to be the
relationship of the virus with its rodent host. That is, viruses isolated from 2
particular animal species (e.g. Ratrus) are more similar to other viruses isolated
from that same species than to those isolated from a different species (e.g.
Appodemus, Cletbrionomys or Microtus). At the same time, viruses isolated from
one rodent family (e.g. Muridae) are more similar to viruses isolated from the
same rodent family thaq to the viruses isolated from the other rodent family (e.g.
Cricetidae). Geographic factors do not appear o have played a large role in the
evoludon of these viruses since Hantaan-, Puumala- and Seoul-like viruses have
been isolated from rodents all over the world.

Comparisons of the structural proteins of hantaviruses have further
indicated sequences which are conserved among all viruses in the genus. The
degree of both nucleotide and amino acid sequence similarity identified here for
cognate genes, coincides with serologically defined relationships of these viruses.
By using this and similar information, it may eventually be possible to localize the
at;ligénic sites on the viral proteins which are re‘;sponsible for cross-reactive

protection to hantaviral infection, or to identify gene regions important for viral
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replication.

The second objective of the study was to investigate the processing of
Hantaan virus glycoproteins G1 and G2 and Hantaan virus morphogenesis.
Hantaan virus-infected cell lysates were used for immunoprecipitation with MAbs
- against glycoprotein G1 (MAbG1) or G2 (MAbG2). When cell lysates were
prepared with buffer containing nonionic detergent, both G1 and G2 glycoproteins
were precipitated with either MAbG1 or MAbG2. In contrast when cell lysates were
prepared with a buffer containing ionic detergents, MAbG1 precipitated only
glycoprotein G1 and MAbGZ precipitated only glycoprotein G2. Heterodimers and
possibly higher oligomeric forms of the glycoproteins were detected on
nonreducing SDS-polyacrylamide gels only after chemical cross-linking and
immunoprecipitation with either MAbG1 or MAbG2. In order to determine the
sites of Hantaan virus glycoproteins maturation and the G1-G2 complex formation,
infected cells were treated with inhibitors that prevent specific steps of
oligosaccharide processing. Furthermore, glycoproteins G1 and G2
immunoprecipitated from infected cell lysates or from isolated virus particles were
tested for sensitivity to endoglycosidase H, endoglycosidase F and endoglycosidase
D. The r&ults of these experiments show that the G1 and G2 form a complex and
that the complex formation occurs in the endoplasmic reticulum. Glycosylation
of the G1 and G2 takes place in the endoplasmic ;'eﬁculum, as well. The N-linked
oligosaccharide molecules of Hantaan glycoproteins are high mannose. Therefore,

" unless the trimming of mannose residues from oligosaccharide chains requires the
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activity of a-mannosidase I of the cis-Golgi, matmration of Hanman virus
glycoproteins G1 and G2 wtakes place in the ER. However, the glycoprotein
complex is rargeted to the Golgi apparatus and thin section electron microscopy
studies indicated that the virus morphogenesis takes place in the #trans-Golgi
network.

The last objective was to express the nucleocapsid (N) protein in levels high

enough to permit purification and characterization of protein functions. A

baculovirus expression system was chosen for expression of the Hantaan and Seoul

virus nucleocapsid proteins. The recombinant viruses expressed large amount of
products that had the same characteristics as the native viral N proteins.

In conclusion, the main contributions of these studies have been to further
the understanding of hantavirus evoluton, genetic organization and
morphogenesis. This work has opened possibilities and forms the basis for future

functional studies of virus structures and biological activities.
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APPENDIX OLIGONUCLEOTIDE SEQUENCES

SEQUENCING PRIMERS

S ent sequencing primers

SF1 5'- GAG AGT GTC GCA GCT - 3'

SR1 S'- ATG ATG TTA GAT AGACA -3’

M segment sequencing primers

W-1 5’- CTG AGT ATT GAT TCC TG - 3’
W-2 5'- GAG ACT TGT AAT AGT AT - ¥
Ww-3 5- GAG AGT GAAGTCAGCT- ¥
W-4 5-CACCAATGCCITGACT-3
W-5 5- ATA GTA GAG TGT CACCT - ¥
W-6 5- CACGICTACCIGTCACT - ¥
W-10 5- CTG ACCATT ACAGTA- ¥
W-11 5- GAG CTICACT GTATGA G - 3
W-12 5- GAC TGC CTCATAGTATC-3%

V1 5'. CAT ACT ATC GTG ATG T - 3’
2 5'- TAG GAG CAT CACCICA- %

v3 5. TGC TAA TAG TAT CIT A - 3
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V4
Y5

vé

Ul
U2
U3
U4
us

Ué

U8
U3a

U2a

5'- ATC TAC AGT TGG TGC A - 3'

5'. ATA TTG GTC AAT CCA TG - 3’
5'. GCA CAT TCT GGATTG A- 3

5. TGT GAT TAG GCT AAC AC - 3
5'. AGA CAG CGA GGA GCC AAT - 3
5. TGC TCA TCA TTC AGA TGA - 3'
5'- CTG TCA TCA GGC AGTC- 3
5"- AGA CTA TTT ACT GTA CTA - 3’
5'. GCA CTC TTA TAC AACATA - 3
5 GTC AGA CAT ACC TATA- 3
5. TCT ACA AGC TCT CCT AT - 3’
5'- CAG TGC GAC ACG CAT GAC - %'
5. TAT AAT ACA CAT AGACT - 3’

5. TAC TCA TCC AAT GCA CTG TAT - 3’
5. TGA ACG ACA CCATCAT- 3’

5'- ATG TGT TCATGC AGA T - 3’

5'- TCA TAG CTC TCA GCA - 3’
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REVERSE TRANSCRIPTION - POLYMERASE CHAIN REACTION PRIMERS

S segment
sy

S2

S1

S2a

M segment
DAl

DA9S

DAl14
DAl11l

DA12

DA2

5'- CAG CTG CAG TAG TAG TAG ACT CCC TAA AGA GCT A -3’

5- CGC ACT GCA GTA TGT GGA CTA TAT - 3’

5'- CTC GAG CTC TAT AAA TAT GGA GGA AAT CCA GAG AGA - ¥
5°- ACA TAC TGC AGT GCG GAATCT - ¥’

5'- CAG CTG CAG AGA TCT GAG CCA GGC TAC - 3

5'- ACC GGT ACC TTA TAA TTT CAT AGG TIC CTG - 3’

5"- CAG CTG CAG TAG TAG TAG ACT CCG CAAGA -3’
5- CAG CTG CAG TGT GAG ATC.TGT AAG TAC - ¥’
5’- CAG CTG CAG AGT GTG ACACTC TCACGA - ¥
5- CAG CTG CAG CAT GTT GCA TGA GCT CTC- 3’
5'- CAG CTG CAG TCA AGG TCT GTA TGC ATA - 3’

5'. CAG CTG CAG TAG TAG TAG A- 3’

5'- CAG CTG CAG TAG TAG TAG ACT CCG GAA GAG ACA A -%

5" CAG CTG CAG TGC AGA GGC AAT CTG TGC ATA CIG - 3’

5’. CAG CTG CAG TCA TCA GGA CTG CTAGAG TACT- 3’
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L8 5'- CAG CTG CAG ATC TCA TGT ATT GAA CGA CACCAT - ¥

PL1 5. CAG CTG CAG CTG TCC TCA ATG CAC AGT - 3

DA2 5’- CAG CTG CAG TAG TAG TAG A- 3





