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Summary

For many positive strand RNA viruses, genomic RNA can initiate productive
infection in the absence of preformed viral proteins when introduced into
susceptible cells. RNA transcribed in vitro from cDNA copies of positive strand
virus genomes is also infectious. This property has enabled the powerful
techniques of recombinant DNA technology to be applied to produce viruses
carrying defined mutations by manipulation of cDNA clones. In contrast,
deproteinised genomes of negative strand RNA viruses are non infectious. The
study of negative strand viruses has therefore been hampered by the absence of
methodology enabling the manipulation of their genomes. The non infectious
nature of negative strand genomes is due to the requirement of viral proteins to
transcribe translation competent positive strand mRNA. The template for
transcription by the RNA dependent RNA polymerases of negative strand
viruses is a ribonucleoprotein complex (RNP). Production of infectious RNA
from ¢cDNA of negative strand RNA virus genomes is therefore thought to
require correct assembly of the synthetic RNA into RNP which can then be
expressed and replicated by viral RNA polymerase.

This thesis describes work carried out with the overall aim of establishing a
system to produce Bunyamwera virus, a segmented negative strand RNA virus,
carrying defined nucleotide alterations to its genome. Towards this goal, two
broad approaches were investigated to attempt to present replicating virus with
synthetic RNA in a form in which it could be recognised as a transcription
template by the viral polymerase. The first approach involved transcribing viral-
like RNA in vivo from transfected cDNA constructs in the presence of
replicating Bunyamwera virus in the hope that the intracellular pool of viral
proteins would enable encapsidation and replication of the synthetic RNA. The
second approach involved ﬁttempts to reconstitute RNP in vitro by incubating
synthetic RNA with nucleocapsid protein derived from Bunyamwera virus.

For in vivo transcription of bunyavirus-like RNA from transfected plasmids, a
recombinant vaccinia virus (vVTF7-3) which expresses T7 RNA polymerase was
investigated to assess its suitability for producing a Bunyamwera virus small (S)



segment RNA from transfected cDNA in the presence of a replicating helper
bunyavirus. The helper virus used was an existing reassortant virus
(Bun/Bun/Mag) containing Bunyamwera virus large (L) and middle (M) genome
segments and a Maguari virus S segment. Successful replication of the plasmid
derived Bunyamwera S segment by the Bun/Bun/Mag helper virus would result
in a proportion of progeny virus having all three gene segments of Bunyamwera

virus.

Dual infection experiments were performed to investigate the compatibility of
the component viruses of the rescue strategy. Metabolic labelling and Northern
analysis suggested that the general strategy of rescuing a Bunyamwera virus S
segment RNA, transcribed in vivo by vTF7-3, using the Bun/Bun/Mag
reassortant virus, was feasible with regard to interactions of the component
viruses.

Transcription of Bun S segment RNA in vivo from transfected cDNA by T7
RNA polymerase supplied by vTF7-3 was investigated by Northern blot
analysis. It was not possible to detect RNA of the expected size. Transcription
did occur since N protein could be detected in vTF7-3 infected cells transfected
with a cDNA construct designed to produce positive strand S segment RNA
from a T7 promoter.

In an attempt to rescue plasmid derived Bunyamwera virus S segment RNA into
a Bun/Bun/Mag reassortant virus, supernatants were retained from cells which
had been infected with vTF7-3 and the Bun/Bun/Mag reassortant virus and
transfected with Bunyamwera virus S segment cDNA. 200 individual plaques of
progeny virus were screened by metabolic labelling to determine the origin of
their N protein. No Bun/Bun/Bun virus was recovered indicating that if rescue
occured, it did so at a frequency of <1/200.

As an alternative to screening larger numbers of progeny virus, a counter-
selectable rescue virus was sought to enable selection of any progeny virus
containing plasmid derived (wild type) S segment RNA. Temperature sensitive
(zs) mutants of Maguari virus were further characterised in attempt to identify a
virus with a S segment lesion.

To enable the S segments of mutants from each of the three reassortment
groups to be sequenced, a rapid PCR-based procedure was developed which
allowed full-length S segment cDNA to be amplified in a single step from RNA
isolated from crude preparations of virus. Using this method, full-length S



segment cDNAs were amplified and cloned from a representative of each of the
three reassortment groups(ts6, ts17 and #523) and from wild type Maguari virus.
Three cDNA clones of each segment were sequenced by the Sanger di-deoxy
chain termination method. A single point mutation was found in the S segment
c¢DNA of Maguari virusts23. This virus was used as a helper virus in attempt to
replicate RNA transcribed in vivo from a Bunyamwera virus S segment cDNA
by the vTF7-3 expression system. Progeny virus were amplified and grown at
38.5°C to suppress the ts helper virus. Any plaques forming were expected to
contain a reassortant virus containing a Bunyamwera virus S segment (derived
from cDNA) and Maguari virus L and M segments. No plaques formed even at
the( )permissive temperature indicating that the poorly growing 523 mutant %
may not be suitable for this type of experiment.

The PCR based method developed for amplification of S segment cDNAs from
the Maguari virus s mutants was further exploited to clone several previously
uncloned S segments from other bunyaviruses.

To increase the sensitivity of detection of replication of plasmid derived RNA,
(if this was occufing), two reporter constructs were assembled containing
Bunyamwera virus S segment non-coding sequences flanking the gene for
chloramphenicol acetyl transferase (CAT). These were under control of T7
promoters and so could be transcribed in vivo using the vTF7-3 expression
system.

The first of these constructs, pBunS(+)CAT, produces a Bunyamwera virus S
segment cRNA-like transcript containing a message sense copy of the CAT
gene. This construct was used in transfection experiments to determine suitable
expression conditions. Packaging of the synthetic reporter RNA into
Bunyamwera virus particles could not be demonstrated.

The second construct, pBunS(-)CAT, was designed to produce a vRNA like
transcript containing an anti sense CAT gene and so was only expected to result
in CAT activity if the T7 transcript was first copied by Bunyamwera virus
proteins. However, transfection of this construct into vTF7-3 infected cells
produced CAT activity even in the absence of Bunyamwera virus. This
unpredicted activity could also be induced by infection with non recombinant
(WR strain) vaccinia virus. Comparison of the construct sequence with the well
characterised promoter sequences of vaccinia virus indicated a potential
vaccinia virus late promoter-like sequence in the 5' non-coding region of the
Bunyamwera virus S segment cDNA, just upstream of the protein coding



sequences. This sequence is thought to act as a cryptic promoter producing
positive stranded (mRNA like) transcripts from pBunS(-)CAT in the presence
of vTF7-3 and so account for the unexpected CAT activity. The potential
cryptic promoter sequence was also present in the Bunyamwera virus S
segment constructs discussed earlier and so would be expected to have given
rise to incorrect RNA transcripts in these earlier studies and may therefore have
been partly responsible for the failure of this approach.

Possible ways of overcoming the problems identified with the vTF7-3
expression system are discussed in context of a recent published precedent for
the use of the system for in vivo replication of plasmid derived RNA.

Various approaches were investigated in attempts to reconstitute RNP in vitro
using plasmid derived RNA. Successtul in vitro RNP reconstitution might allow
rescue of plasmid derived RNA by transtection of RNP into virus infected cells.
Preformed continuous CsCl density gradients were used to assess formation of
RNP which have a characteristic density of 1.31g/ml and so can be banded in
20-40% CsCl gradients while naked RNA forms a pellet.

Transcription of Bunyamwera virus S segment-like RNA in a rabbit reticulocyte
lysate in which N protein was being translated failed to produce a complex of
the density expected for RNP. Similarly, etforts to renature N protein from RNP
denatured with guanidinium salt onto synthetic RNA failed. More promising
results were obtained using nuclease treated RNP as a source of N protein.
When analysed on CsCl gradients, reactions containing radiolabelled synthetic
RNA and MCN treated RNP (with the nuclease inactivated by addition of
EGTA) were found to contain a RNA/protein complex which banded at a
density similar to that expected for native Bunyamwera virus RNP.

Using RNA transcribed in vitro from pBunS(-)CAT, which contains antisense
CAT sequences flanked by S segment VRNA termini, several attempts were
made to demonstrate Bunyamwera virus dependent CAT activity in cells
transfected with reconstituted RNP. For all conditions tested no CAT activity
could be detected. Comparison of the mobility on agarose gels of the RNA
transcribed from linearised pBunS(-)CAT with RNA transcribed from
theoretically identical template generated by PCR suggested that the linearised
plasmid DNA may not be producing RNA of the correct length. This anomaly
may be due to aberrant cleavage of the plasmid during transcription template
preparation. Due to lack of time, this problem remains to be resolved but if an
incorrect transcript was being produced this would account for the inability to



detect bunyavirus dependent CAT activity in cells transfected with the
reconstituted RNP.

Preliminary evidence suggests that MCN treated RNP can be prepared which
retains L protein activity. A combined CsCl/glycerol step gradient was designed
to allow isolation of RNP in reduced concentrations of CsCl. RNP purified in
this manner was digested with MCN and a 32P CTP transcription mixture added
to see if transcription, templated by the endogenous RNA fragments remaining
after nuclease treatment, could be detected. When analysed on 20% acrylamide
denaturing gels, a predominant signal could be detected by autoradiography.
The strength of the signal could be increased by including dinucleotide ApG in
the transcription reaction which is known to moderately stimulate bunyavirus
transcription in vitro. The signal was stronger when the reaction was performed
at 25°C than at 30°C and was weakest at 37°C. While formal proof that the
signal represents an RNA transcript remains to be conducted, the observed
stimulation by ApG and suppression by increasing temperature is consistent
with the known properties of the L protein.

MCN digested RNP may therefore prove useful for in vitro transcription assays
using short synthetic RNA transcription templates. Such technology should
allow the promoter requirements for the L protein to be defined and would
demonstrate that functional RNP can be assembled in vitro and therefore that
rescue of synthetic RNA by transfection of in virro reconstituted RNP into
helper virus infected cells is feasdble.



%& (! " | ) (&

ety

$*D$ !

$*D$9 "A

) $)=6 "A

4, :$*D*96 A0



Chapter 1 RNA viruses and their genetic manipulation.

This thesis describes work carried out with the aim of establishing a system to
produce a negative strand RNA virus (Bunyamwera virus) carrying defined
nucleotide alterations to its genome. This ambitious goal remains to be achieved
for Bunyamwera virus. However, it is hoped that the progress made and lessons
learnt from this work, together with work on other negative strand RNA viruses
from other groups working towards similar goals, will help towards achieving
this goal for bunyaviruses in the near future.

1.1.1 Scope of this chapter

This chapter surveys selected animal viruses, briefly discussing some of the
detailed knowledge known about the molecular mechanisms involved in
expression and replication of their genomes. For the positive strand viruses much
of this knowledge is due to the ability to produce defined mutants by manipulating
cloned cDNA. For reasons of space and time this chapter does not set out to be
comprehensive and covers only a few animal viruses. The choice of those
covered reflects either direct relevance to the project (negative strand viruses) or
personal choices which are felt to be interesting examples of engineering strategy
(positive strand viruses).

No discussion of picornaviruses, retroviruses, bacteriophage or plant viruses is
included even though a vast volume of molecular studies have been conducted on
them. The interested reader is directed to any well stocked life science library for a
life time of reading on these topics.

The positive strand alphaviruses have been discussed in preference to poliovirus
since, in addition to having a genome which serves as mRNA, alphaviruses also
produce subgenomic mRNA and therefore have additional control features
making them perhaps more representative of positive strand RNA viruses. Also,
alphaviruses have been engineered to produce efficient vectors for the expression
of heterologous proteins and serve as a model for the type of RNA expression
systems which may be developed for other RNA viruses.

Coronaviruses are included as an interesting plus stranded RNA virus for which
genome manipulation has been achieved without it so far being possible to
synthesise infectious RNA in vitro.



Chapter 1 RNA viruses and their genetic manipulation.

Reovirus, a double stranded segmented RNA virus, is included since, like the
negative strand viruses, the genome RNA alone cannot establish infection without
the presence of preformed viral proteins. Recent developments have enabled
production of virus starting with naked RNA and similar methodology may prove
applicable to some negative strand RNA viruses.

Moving to the negative strand RNA viruses, the rhabdovirus vesicular stomatitis
virus and the paramyxoviruses are included as model non-segmented negative
strand RNA viruses. For both these virus groups recent progress has established
systems with the potential to investigate the cis acting signals involved in genome
expression and replication. Although no report of production of rationally mutated
virus has yet been forthcoming for either of these two virus groups, at least for
VSV, major advances towards the goal of producing engineered virus have been
made.

The remaining sections discuss influenza and Bunyamwera viruses. Both are
negative strand segmented viruses and both share many distinctive features which
set them apart from the other virus groups. For influenza virus it has recently been
possible to produce viable virus containing genetic information derived from
c¢DNA. This methodology has already been used to address interesting points
concerning the replication of influenza virus which could not previously be
directly tested. Establishment of an analagous system for members of the
Bunyaviridae, the largest group of animal viruses, will undoubtedly enable similar
studies to be conducted and should greatly increase our knowledge of the
molecular characteristics of this group of viruses.

1.2 Key differences between positive and negative
strand RNA viruses.

The genome of positive strand RNA viruses is also a functional mRNA. This
property allows the input genome to be translated directly by cellular ribosomes to
produce the viral proteins required for replication and production of progeny
virus. These proteins use the input genome as a template to synthesise more
genomes via a complementary negative strand replicative intermediate RNA, and
package new genomes into virions (see figure 1.2.1). For this reason, naked viral
genome RNA, if introduced into the suitable host cell, can establish replication in
the absence of preformed viral proteins.
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Chapter 1 RNA viruses and their genetic manipulation.

The picture is complicated further by the fact that mRNA transcribed from
negative strand genomes is always different to the plus strand replicative
intermediate used as a template for new genome production. These replicative
intermediates resemble genomes in being always associated with viral proteins to
form a ribonucleoprotein (RNP) complex which is the functional template of
transcription. RNP cannot be translated by ribosomes. mRNA is not encapsidated
to form RNP and can be translated but is never an exact complement of the
genome. For the non-segmented negative strand viruses (the Filoviridae,
Paramyxoviridae and Rhabdoviridae), several subgenomic mRNAs are produced
while for the segmented negative strand viruses (Arenaviridae, Bunyaviridae and
Orthomyxoviridae), mRNAs are 3' truncated relative to the positive strand
replicative intermediate and also contain additional heterologous sequences at their
5' ends. Therefore, even if mRNA could serve as template for transcription, it
would not contain all the viral specific information required for production of new
genomes.

The infectivity of the positive strand virus genomes has made it possible, in many
instances, to produce RNA molecules from cloned cDNA corresponding to viral
sequences which can give rise to infectious virus when transfected into cells.
Introducing the DNA step into virus production enables the use of recombinant
DNA technology to alter the genome of the virus and so produce mutants carrying
defined and rationally designed nucleotide alterations. Such technology has
allowed the full force of reverse genetics to be applied to many positive strand
viruses and has led to a rapid increase in our detailed understanding of the
molecular biology of these viruses. For many years the absence of similar
systems for manipulation of the negative strand viruses has hampered progress in
defining their life cycles in molecular terms. Such systems are finally becoming
available for negative strand viruses.
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Chapter 1 RNA viruses and their genetic manipulation.

1.3 Alphaviruses

The Togaviridae family is subdivided into the Alphavirus and Rubivirus genera
(Schlesinger & Schlesinger 1990). Two alphaviruses, Sindbis virus and Semliki
Forest virus, have been studied in great depth and both have been manipulated by
reverse genetics. The Alphavirus genus also includes the equine encephalitis virus
and Ross River virus.

1.3.1 Biology of alphaviruses

The alphaviruses are group A arboviruses, animal viruses having an arthropod
host but also infecting mammals and avian species. In tissue culture, the
alphaviruses grow lytically in vertebrate cells but readily establish persistent
infections in mosquito cells.

The alphavirus genome is contained in an icosahedral core composed of a single
type of capsid protein. The core is enclosed in a lipid bilayer containing two viral
glycoproteins E1 and E2. Alphaviruses are taken into cells by endocytosis via
clathrin coated pits (Marsh & Helenius 1990) followed by acid fusion (Edwards et
al 1983), releasing the nucleocapsid into the cytoplasm where the RNA is
uncoated and initiates replication. After genome replication and accumulation of
structural proteins, virus is assembled by capsid protein subunits interacting with
the genome RNA to form the icosahedral core. The core then associates with the
viral glycoproteins inserted in the infected cell membrane (Fuller 1987) resulting
in release, by budding, of the mature enveloped virion.

1.3.2 Molecular biology of alphaviruses

The alphaviruses have a non segmented single standed RNA genome of positive
polarity. Genome RNA, free from all viral proteins, is infectious as is RNA
transcribed in vitro from precise full length cDNA clones. The 12kb genome has a
7-methylguanosine 5' cap and a polyadenylated 3' tail (Strauss et al 1984). The
input genome serves as a messenger RNA being directly translated to produce a
polyprotein which is cleaved to give the nonstructural proteins required for
expression of the structural proteins and genome replication (Figure 1.3.1). The
AUG codon at nucleotide 59 is the only translation initiation site recognised on
intact virion RNA (Cancedda et al 1975). The polyprotein is processed to give
four nonstructural proteins, NSP1-4 (Strauss & Strauss 1990). These function in
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Chapter 1 RNA viruses and their genetic manipulation.

Encapsidation signals are located in the NSP1 coding region between nucleotides
746 and 1226 of Sindbis virus genomic RNA (Weiss et al 1989). This region
alone appears to provide specificity for encapsidation of positive strand full-length
RNA molecules and excluding subgenomic mRNA and full-length negative strand
molecules.

The internal promoter responsible for transcription of subgenomic mRNA from
full-length negative strands is located in the junction region. A 24 nucleotide core
promoter (Grakoui et al 1989; Levis et al 1990) is sufficient for subgenomic
mRNA production. Flanking regions can be mutated resulting in enhanced (Raju
& Huang 1991) or depressed (Rice et al 1987) transcription levels.

The availability of infectious cDNA clones has therefore contributed firm evidence
relating to the control of transcription and replication of alphaviruses for which
RNA sequence data alone could only allow speculation of function.

1.3.3 Heterologous gene expression in alphaviruses

The first expression of heterologous genes in alphaviruses used cDNA constructs
based on defective interfering (DI) particles of Sindbis virus. DI particles can be
replicated and packaged in the presence of wild-type helper virus and therefore
must contain the necessary cis-signals for these functions. Levis et al (1987)
constructed chimeric DNA templates containing the bacterial gene for
chloramphenicol acetyl transferase (CAT) flanked by cDNA termini derived from
a DI particle RNA of Sindbis virus. RNA transcribed in vitro from this construct,
when transfected into avian cells, could be repliéated by a wild-type helper
Sindbis virus which provided replication enzymes and virion structural proteins in
trans. Progeny virus stocks were shown to contain both helper virus genomes
and the CAT/DI RNA. After several passages, the CAT RNA was the
predominant species in infected cells although expression as measured by CAT
activity was low. The poor level of translation was probably due to the reporter
gene being expressed in an analagous manner to the replication genes of wild type
genomes which provide catalytic functions and are therefore only required at low
levels compared to structural proteins and maybe only early in infection (DL
Sawicki et al 1981; SG Sawicki et al 1981).

To improve the low expression level, the reporter gene under control of the
subgenomic mRNA promoter, was placed downstream of a truncated genome
containing the 5' cap and untranslated region and a portion of the replicase gene
containing the internal packaging signals (Levis et al 1990; Figure 1.3.3).
Cotransfection of this recombinant RNA with wild-type helper RNA resulted in
high level expression of the reporter gene. The chimeric RNA alone could also be

10
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Chapter 1 RNA viruses and their genetic manipulation.

Because of the ease of manipulating alphavirus genomes at the cDNA level, their
replication is well understood and fairly advanced expression systems for
heterologous proteins have been developed. Establishment of such versatile
methodology for other RNA viruses, particularly the negative strand viruses, will
undoubtedly lead to a rapid growth in our understanding of their replication cycles
and may ultimately play an important role in the development of new improved
therapeutic agents.

1.4 Coronaviruses.

Although naked coronavirus RNA is infectious when transfected into cells
(Schochetman et al 1977), infectious cDNA clones are not yet available. Useful
progress enabling their genetic manipulation has however been achieved by
exploiting the high recombination frequency of genomes during infection (section
1.4.3).

1.4.1 Biology of coronaviruses.

The coronaviruses are large enveloped viruses causing highly prevalent disease in
humans and domestic animals. Each virus has a specific host range usually only
infecting one or a few, closely related species or tissue types. Isolation of virus
from an infected host can be diflicult and may require difterentiated cell lines from
the same species (Larson et al 1980).

Coronavirus virions are enveloped. The lipid bilayer, derived from intracellular
membranes, contains at least two viral glycoproteins. Glycoprotein E2 has a large
external domain visible as spikes by electron-microscopy. E1, or matrix protein,
extends through the membrane and has a significant domain inside the virion.
This domain interacts with the large helical nucleocapsid formed from the genome
RNA and a phosphorylated nucleocapsid protein (N). A third glycoprotein, E3,
may be present, depending on the virus, and contfers haemagglutination properties
(Holmes 1990).

In tissue culture, coronaviruses grow either lytically or establish persistent
infection depending on virus-host combination (Wege et al 1982). For some
viruses cells may fuse to form syncytia.

After replication, newly transcribed genome RNA associates with N protein to
form helical nucleocapsids (Stohlman et al 1988). These align and bud through
membranes between the rough endoplasmic reticulum and the Golgi apparatus
where viral glycoproteins have localised (Tooze et al 1984). Mature virions are

14



Chapter 1 RNA viruses and their genetic manipulation.

released by cell lysis or by transportation in secretory vesicles (Holmes et al
1984).

1.4.2 Molecular biology of coronaviruses.

The genome of coronaviruses is single stranded RNA of unusually large size
which can exceed 30kb (Spaan et al 1988). The genome is positive stranded, 5'
capped and 3' polyadenylated. Input genome is directly translated to give the non-
structural proteins involved in replication. ~20kb at the 5' end of the genome is
thought to be translated, by a ribosome frame-shifting mechanism, to yield a very
large self-processing polyprotein (Brierley et al 1987).

The replication enzymes use input genomes as transcription templates to make full
length negative strands which form a double i‘anded replicative intermediate with
the positive strand template (Sawicki & Sawicki 1986).

The structural genes are expressed from 5-8 subgenomic mRNAs which form a
3' nested set (Stern & Kennedy 1980). Usually only the S' most open reading
frame is translated (Siddell 1983) although exceptions have been found (Holmes
1990).

The subgenomic mRNAs all share a common leader sequence of 60-70 bases
which appears to be coded lor at the 5" end of the genome (Lai et al 1982). This
obseivation led to the proposal for discontinous, leader-primed transcription of
mRNA. Leaders transcribed from the 3' end of the negative stand template would
dissociate and anneal at intergenic regions, where short leader-complementary
sequences are found, and prime mRNA synthesis (Baric et al 1985). The ability
of the RNA dependent RNA polymerase to elongate annealed primers may
account for the high recombination rate observed for coronaviruses which may be
as high as 25% for the whole genome (Lai 1990).

1.4.3 Reverse genetics of coronaviruses

Two complete coronavirus sequences have been published (Boursnell et al 1987;
Lee et al 1991). Naked RNA purified from virions is infectious when transfected
into cells (Schochetman er al 1977) although recovery of complete virus from
cDNA has not been achieved (Bredenbeek & Rice 1992). Two approaches have
however been used to apply reverse genetics to coronaviruses.

Naturally occuxﬁn g defective interfering (DI) particles, containing the cis elements
required for replication and packaging, have been used to construct cDNA clones
from which in vitro transcribed RNA can be replicated in the presence of wild-
type helper virus. Such clones have been used to map cis acting signals (van der
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Most et al 1991). In a recent study a DI ¢cDNA construct was modified by
insertion of coronavirus intergenic sequences (Makino et al 1991). In the presence
of helper virus, transtected RNA transcribed from this construct could be
replicated and used as a template for transcription of subgenomic mRNA,
demonstrating the crucial role of the intergenic sequences in the transcription of
mRNA from coronaviruses.

Reverse genetics has also been used to rescue a temperature sensitive (ts)
coronavirus mutant containing a deletion in the nucleocapsid gene. Exploiting the
high recombination frequency observed for coronavirus RNA (Lai 1990), an in
vitro transcribed RNA containing wild-type nucleocapsid gene sequence was
transfected into cells infected with the ts mutant. Progeny virus contained wild-
type virus produced by replacement of the rs lesion by recombination of the
transfected RNA sequences into the mutant genome (Koetzner et al 1992).

Since coronaviruses contain several genes which appear to be dispensable for
growth in tissue culture (Yokomori & Lai 1991) it may prove possible to introduce
foreign genes into coronavirus genomes by recombination of a plasmid derived
RNA containing the foreign gene tlanked by viral sequences directed against the
non essential genes.

16
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1.5 Reovirus

Reovirus has a segmented double stranded RNA genome (Wiener at al 1989).
Purified reovirus RNA is non-infectious since double stranded RNA cannot be
translated and eukaryotic cells do not posses RNA polymerases which can use
RNA as a template for transcription. For these reasons, like negative strand
viruses, reovirus has a virion associated RNA dependent RNA polymerase
activity which is essential tor viral replication.

Primary transcription of reovirus RNA occurs without release of the genome
segments into the cytoplasm. The polymerase complex forms part of the virion
and newly transcribed mRNA is passed out of the virion into the cytoplasm where
it is translated and initiates replication (Shatin & Kozak 1983). The mRNA
molecules are 5' capped but are otherwise identical to the + strands of the double
stranded genome segments (Hay & Joklik 1971), and also serve as replicative
intermediates for new genome synthesis. As such, mRNA representing all ten
segments might be expected to be infectious if simultaneously introduced into
cells. However, so far this approach to virus recovery has proved unsuccessful.

The use of a counter-selcctable helper virus enabled rescue of naked RNA
corresponding to the ten reovirus segments (Roner et al 1990). The ST2 strain of
reovirus was used to infect cells after transfection of viral RNA. ST2 is a slow
growing strain, not forming plaques until 10 to 12 days compared to five days for
another reovirus, ST3. If both single stranded (ss) and double stranded (ds) RNA
corresponding to the ten segments of reovirus ST3 (the faster growing variant),
were transfected into cells which were then infected with ST2 virus, viable ST3
virus appeared in the supernatant at 48 hours post transfection. Both ss and ds
RNA were required and either alone failed to produce virus.

If ss RNA was added to a rabbit reticulocyte lysate and the whole mix transfected
into cells, virus could be rccovered at the same efficiency as cotransfected ss and
ds RNA which had not been translated. If melted ds RNA replaced ss RNA in the
reticulocyte lysate, a twenty-fold increase in virus recovery was observed and
where both ss and ds RNA were transfected in a primed reticulocyte lysate, the
yield increased a further ten told. The reason for the enhanced infectivity when
both ds and ss RNA was present is not clear although it was demorigrated that the
ds RNA increases infectivity of ssSRNA and not the otherway round.
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1.6 Paramyxoviruses

The Paramyxoviridae is subdivided into three genera: Paramyxovirus, which
includes Sendai and mumps viruscs; Morbillivirus including measles virus; and
Pneumovirus which includes respiratory syncytial virus (Kingsbury 1990). The
Paramyxoviridae share many features with another family of non-segmented
negative strand RNA viruses the Rhabdoviridae. The Paramyxo- and
Morbillivirus genera are remarkably similar in their structure and genome
arrangement and differ in many respects to the Pneumovirus genus. This section
will discuss briefly only Sendai and respiratory syncytial viruses. These viruses
are of interest because systems with the potential of investigating cis-acting
regulatory elements have been described for both.

1.6.1 Sendai virus

Sendai virus is enveloped and has three membrane proteins (HN, Fo and M). The
virus is thought to adsorb to cells via interactions of the haemagglutinin/
neuraminidase (HN) protein followed by fusion mediated by F1/F2 (cleavage
products of Fg) resulting in delivery of the nucleocapsid into the cytoplasm.

Replication occurs entirely in the cytoplasm (Kingsbury 1977).

The Sendai virus genome is non-segmented, single stranded RNA of negative
polarity 15kb long. The genomic RNA is encapsidated in nucleocapsid protein
(NP) to form a nuclease resistant ribonucleoprotein (RNP) complex. Two other
proteins (termed P and L) are associated with the nucleocapsid and are presumed
to form the RNA dependent RNA polymerase. During infection the virion RNP
serves as template for transcription of a short leader RNA complementary to the
3' end of the genome (Leppert et al 1979), a feature shared with rhabdoviruses.
Several mRNA are transcribed in the order NP, P, M, Fq, HN, L (Glazier et al
1977; Shioda et al 1983; Shioda et al 1986). The P mRNA also encodes two
small non-structural proteins (C and C') of unknown function (Giorgi et al 1983).
After translation has occur€d, full-length positive strand cRNA is produced which
serves as a replicative intermediate for production of new genomes. This cRNA is
always encapsidated as an RNP with encapsidation occuring co-
transcriptionally—"Y-form' structures can visualised by electron microscopy
which represent RNP templates with partially transcribed encapsidated cRNA still
attached (Kingsbury 1977).
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1.6.2 Rescue of synthetic RNA by Sendai virus

In vitro systems for studying transcription of Sendai virus had relied on using
native RNP purified from infected cells or virus particles. These could be
replicated and the newly transcribed RNA co-transcriptionally encapsidated in the
presence of extracts made from infected cells (Carlsen er al 1985). NP alone could
encapsidate preinitiated transcription products but was unable to initiate Sendai
virus transcription for which the L and P proteins are required (Baker & Moyer
1988).

To enable investigation of the cis signals involved in transcription and replication,
it was necessary to define conditions which would allow replication of plasmid
transcribed RNA. This was done using a similar reporter system that had
previously been applied to intluenza virus (Luytjes et al 1989; see Section 1.8.5).
A plasmid construct containing the bacterial gene for chloramphenicol acetyl
transferase (CAT) flanked by cDNA corresponding to the Sendai 5' and 3' non-
coding termini was built. This was used to produce transcripts in vitro which
were Sendai virus genome-like RNAs with the whole of the protein coding
regions replaced by an antisense copy of the CAT reporter gene (Park et al 1991).
Transfection of this chimeric RNA into cells failed to produce CAT activity since
the RNA is antisense to mRNA. Transfection of the same RNA into cells which
were infected with Sendai virus resulted in CAT activity: the viral proteins acted
in trans to encapsidate and express the transfected RNA. This was in marked
contrast to studies with influcnza virus where the RNA had to be assembled into
a nucleocapsid structure prior to transfection for recognition and replication to
occur (Section 1.8.5). For Sendai virus the level of expression of the synthetic
RNA could be substantially enhanced by incubating the RNA with extracts of
infected cells prior to transfection (Park er al 1991). Nuclease sensitivity data
suggested that this enhancement was not due to the formation of synthetic Sendai
virus RNP since these are highly resistant to nucleases in their native form.
Further investigation demonstrated similar levels of enhancement if the RNA was
incubated with extracts from unintected cells, suggesting a role for cellular
factors. Whether the cell extracts specifically aided recognition of the RNA by the
helper virus or whether the enhancement was due to a non-specific effect or
facilitated uptake by the cells is not clear. The CAT activity observed declined
when high levels of extract were used, with the optimum conditions depending
on whether infected or unintected cell extract was employed.
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Chapter 1 RNA viruses and their genetic manipulation.

An RNAse protection assay, using a probe directed against negative strand Sendai
virus RNA, was used to demonstrate that the input RNA was not only expressed
to give CAT mRNA but also served as a template for replication and was thus
amplified by the helper virus. Supernatants from the transfected cells contained
virus particles which had packaged the synthetic CAT RNA. This was
demonstrated by observing CAT activity after serial passage of the supernatant
and by the ability to specilically abolish CAT activity by pretreating supernatants
with anti Sendai virus sera but not with heterologous anti sera.

1.6.3 Respiratory syncytial virus

The Pneumovirus genus is relatively distinct from other genera of the
Paramyxoviridae having extra mRNA and proteins, and ditferences in gene order
and sequence (Collins 1991). However, using analagous constructs and
procedures as those used for replication of synthetic Sendai virus RNA (section
1.6.2), rescue of synthetic respiratory syncytial virus-like RNA was achieved
(Collins et al 1991) . Cis-acting replication and packaging signals were
investigated by attempting to rescue RNAs having truncations or mutations of the
viral sequences at their termini. Replacement of the 3' terminal 44 nucleotide
vRNA leader region by the SOnt trailer complement, representing the 3' terminus
of positive stranded replicative intermediate RNA, demonstrated
interchangeability of the two 3' ends since rescue occufed to a similar efficiency
as for wild-type ends. This is in contrast to influenza virus where the vRNA and
cRNA promoters have markedly difterent expression rates (see Section 1.8.4).
Addition of 11 nucleotides of heterologous RNA to the 3' end prevented rescue,
demonstrating the importance of the positioning of the cis-acting signals relative
to the viral genome termini. This finding is in contrast to one influenza virus
study (Yamanaka et al 1991) where etticient rescue of an RNA containing an
additional stretch of 20-30 heterologous 3' nucleotides was reported. Despite high
conservation between the positive and negative strands, the first five nucleotides
of the RSV leader region did not appear to be critical since deletion of the first
three nucleotides or mutation of the 4th and 5th nucleotides still resulted in
efficient rescue.

The systems developed for Sendai virus and RSV provide a useful means to
investigate the cis-acting signals of the genome termini which should yield
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important information concerning promoter and packaging signals. Further
progress has yet to be reported although preliminary data suggests that the system
can be modified to study events occuring at the junctions between genes
(Kolakofsky, unpublished data) which includes RNA editing as well as
reinitiation of transcription required for expression of the various mRNAs. The
stage is set for definition in molecular terms for the varied and interesting
properties of this important group of viruses.

1.7 Vesicular stomatitis virus

The Rhabdoviridae contains over 100 viruses infecting a wide range of organisms
including plants, fish, reptiles, crustaceans and mammals. The rhabdoviruses
which infect mammals are classified, according to the type of disease they
produce, into two genera: Lyssavirus which infect the central nervous system, the
best known and most feared lyssavirus being rabies virus; and Vesiculovirus
which infect epithelial cells, especially of the to&gée, to cause vesicles. Vesicular
stomatitis virus (VSV) is the prototype member of this genus and infects cattle
resulting in epidemic discase. VSV is one of the most studied negative strand
RNA viruses and has contributed to our knowlege of cellular processes such as
protein processing and transport. The Rhabdoviridae have been recently reviewed
(Wagner et al 1990) and will only be discussed briefly here with emphasis on
recent progress in establishing a reverse genetics system for the study of this
important group of viruses.

1.7.1 Molecular biology of VSV.

VSV has a non-segmented, negative stranded RNA genome 11kb long. Five viral
proteins are encoded: the nucleocapsid protein (N); a phosphoprotein (P or'NS); a
matrix protein (M); a single glycoprotein (G) and the RNA dependent RNA
polymerase (L). The genome of VSV is encapsidated in nucleocapsid protein as a
ribonucleoprotein (RNP) complex. As with all negative strand RNA viruses
studied, the RNP is the functional template for transcription, whereas naked RNA
is not recognised by the viral polymerase. The VSV nucleocapsid has two minor
proteins associated with it, the L and P proteins. This complex alone can initiate
RNA synthesis in vitro and is infectious when introduced into cells (Szilagyi &
Uryvaev 1973). Activity is lost if the L and P proteins are dissociated (Emerson
& Yu 1975) but can be regained by addition of purified L and P proteins. For
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processive transcription to occur excess N protein is required to facilitate read-
through of termination signals (Patton et al 1984).

1.7.2 Replication of VSV DI particles by recombinant proteins.

RNP purified from DI particles of VSV could be replicated in cells transiently
expressing the N, P and L proteins from recombinant DNA molecules (Pattnaik &
Wertz 1990). This established an in vivo system capable of dissecting the
functions of proteins required in replication. The system was developed further,
still using puritied DI RNP as template, but co-expressing all five VSV genes
instead of just those required for replication. Where all five genes were
expressed, the DI template could not only be replicated but also packaged into DI
particles which were released [rom cells by budding and could infect other cells
(Pattnaik & Wertz 1991). Using this system, reverse genetics can be applied to
investigate the functions ol all five VSV proteins.

The success of these types of experiments, where recombinant expressed proteins
can mimick all the functions of a virus, gives an interesting insight into the
evolution of VSV. The recombinant proteins expressed from DNA genes are
produced with little, if any, quantitative or temporal control but can still function
to perform all the essential replication and packaging functions required of a
virus. This is in contrast to the VSV genome where the arrangement of genes and
presumably cis signals, give controlled expression with proteins required in large
amounts, e.g. the N protein, being expressed to much higher levels than those
required at lower levels for catalytic roles, such as the L protein. While the
recombinant proteins may not produce DI particles as efficiently as authentic virus
infection would, they do function— demonstrating that a less highly controlled
system could have existed as fodder for natural selection to improve to the
organised arrangement {ound in VSV today.

1.7.3 Assembly of synthetic VSV RNPs

To enable dissection of cis-regulatory elements by introduction of nucleotide
alterations, the RNP template would have to contain RNA derived from cDNA
which requires the ability to reconstitute a functional RNP from naked RNA and
proteins. For influenza virus, RNP could be reconstituted by mixing purified
proteins with naked RNA while for Sendai virus, naked RNA transfected into
infected cells could be encapsidated in vivo. Although functional RNP for VSV
had been reconstituted in vitro, using extracts of infected cells to encapsidate
naked RNA puritied from DI particles (Mirakhur & Peluso 1988), no report of
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replication of a plasmid derived RNA using this system was forthcoming. This is
surprising since the study demonstrated in vivo replication of the reconstituted
RNP in the presence of helper virus. Why studies involving plasmid derived
RNA were not reported is unclear, especially since the authors commented on the
importance of the work in the context of applying reverse genetics to study VSV
(Mirakhur & Peluso 1988). More recently purified N protein has been used to
encapsidate small synthetic RNAs in vitro which are competent transcription
templates (Moyer et al 1991). The usefulness of this system is somewhat limited
by the size of the RNA which can be encapsidated which is small even compared
to DI genomes.

1.7.4 VSV DI genomes from cDNA

Plasmid derived RNA was successfully replicated by transcribing it in vivo, in the
presence of VSV proteins (Pattnaik et al 1992). The cDNA corresponding to a DI
genome was placed under control of bacteriophage T7 promoter such that
transcription would initiate on the first DI-specific nucleotide. The 3' end of the
T7 transcript was cleaved precisely at the last DI nucleotide by inclusion of
ribozyme sequences adjacent to the DI RNA. Sequence-authentic DI RNA could
be produced in vivo by translecting this construct into cells previously infected
with a recombinant vaccinia virus, vTF7-3 (Fuerst et al 1986), which produces
T7 RNA polymerase in vivo. Co-transfection of further T7 constructs containing
VSV genes enabled efticient encapsidation and replication of the DI RNA. When
all VSV genes were present, the DI RNA could be packaged into VSV DI
particles which budded from the cells (Figure 1.7.1). This work is a major
achievement considering that the particle formed originates entirely from cDNA.
This enables rescue, without VSV helper virus, of virus like particles and so
opens the way for detailed mutagenic analysis of all cis and trans acting functions
of VSV.
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Chapter 1 RNA viruses and their genetic manipulation.

1.8 Influenza A virus

1.8.1 Influenza virus

Influenza A virus is a member of the Orthomyxoviridae along with influenza B and
C viruses. All three have segmented RNA genomes which are negative stranded
and non infectious. Virus particles are enveloped and contain two types of
membrane proteins (one for intluenza C virus), the haemagglutinin (HA) and
neuraminidase (NA) proteins. Internally, the eight genome segments (seven for
influenza C virus) occur as helical nucleocapsids formed by association of the RNA
with many copies of the nucleocapsid protein (NP) and a few copies of the
polymerase complex (PB1, PB2 and PA for influenza A virus). Matrix protein
occurs between the helical nucleocapsids and the viral envelope. (For review see
Murphy & Webster 1990; Krug et al 1989; Kingsbury 1990).

Influenza A virus is an extremely important human pathogen causing pandemics
which can lead to substantial loss of life. Influenza virus has several animal
reservoirs. The inherent high mutation rate associated with RNA genomes results in
antigenic drift and helps the virus evade the immune system. Having a segmented
genome, reassortment of gene segments results in viruses with new genome
combinations (antigenic shift) which emerge and cause world wide outbreaks of
disease at strikingly regular intervals (Murphy & Webster 1990). Recently it has
become possible to apply recombinant DNA technology to produce genetically
altered influenza virus. This technology holds much promise for further
investigating the molecular biology of this virus and may prove useful in producing
improved vaccines.

1.8.2 RNA species of influenza virus infected cells

For each genome segment of influenza virus, three types of RNA are found in
infected cells (see Figure 1.8.1): i) Viral genomic RNA (VRNA) is of negative
polarity and is always associated with viral proteins as a ribonucleoprotein (RNP)

26



Chapter 1 RNA viruses and their genetic manipulation.

nucleocapsid; ii) mRNA is complementary to genomic RNA, has additional 5'
heterogeneous sequences which are capped, is missing 17-20 3'-terminal
nucleotides complementary to the gecnome RNA 5' end and is 3' polyadenylated.
mRNA is not found in nucleocapsids or in virions; iii) genomic-complementary
RNA (cRNA) is the same polarity as mRNA but is a faithful complement of
genomic RNA lacking the capped leader and poly-A tail found in mRNA. cRNA,
like VRNA, is only found in RNP form. Unlike vRNA, cRNA is found only in
infected cells and not in the virus particle.

3 SOE0E000000000006058058 5 () VRNA
N N NN ANL G S N N Nt N N N N N i N s N S N N N

| 2 AAAAn 3'  (+) mRNA

5' N

EEEEECEEEEEE0E000060880 3" (+) CRNA

(P

Figure 1.8.1 Infected cell RNAs of influenza virus. Both vVRNA and cRNA are encapsidated in
NP protein (@ ) and are exactly complementary. mRNA contains additional 5' sequences derived
from host cell capped mRNA ( }\\\\), are 3' runcated and polyadenylated.

The functional template for transcription in influenza virus is the RNP. Naked RNA
is not recognised by the polymerase complex. Early studies of influenza
transcription used native RNP from disrupted cells or virions (Beaton & Krug
1986; Takeuchi et al 1987; Shapiro & Krug 1988). Such studies were able to
determine conditions under which synthesis of the different forms of RNA could
occur in vitro. For example, mRNA production requires added capped
heterologous mRNA from which short leaders are cleaved to prime transcription
(Shapiro & Krug 1988). Addition of dinucleotide ApG (McGeoch & Kitron 1974),
or the absence of added primer resulted in the synthesis of cRNA (Hay et al 1982).
Full length cRNA synthesis is also dependent on the presence of an excess of NP
protein (Beaton & Krug 1986; Honda et al 1988).

27



Chapter 1 RNA viruses and their genetic manipulation.

1.8.3.Transcription Initiation

The additional heterologous sequences found at the 5' end of influenza virus
mRNA are cleaved from host cell mRNA in the nucleus (Krug et al 1989). The
sensitivity of influenza virus transcription to t-amanitin, an inhibitor of cellular
RNA-polymerase II transcription, demonstrates that newly synthesised transcripts
are required (Mark ez al 1979). PB2 is involved in binding host cell nRNA by cap
recognition. A cap 1 structure (m7GpppNm) is prefered (Bouloy et al 1980). The
cellular message is cleaved 10-15 nucleotides downstream of the cap at a purine
residue. While priming does not require base pairing of the host derived leader to
the genomic VRNA (Krug et al 1980), the first base to be added to the cleaved
primer by the influenza PB1 protein appears to be G templated by a C next to the 3'
teminal U residue of the vVRNA (Braam et al 1983; see figure 1.8.4 for vRNA 3’
terminal sequence). This suggests some interaction of the template terminal U with
the 3' terminal nucleotide of the primer which was preferentially cleaved at a
purine, A or G—both of which can torm hydrogen bonds with U residues in RNA.
Evidence of a role for hydrogen bonding of complementary nucleotides to initiate
transcription, at least for dinucleotide-primed in vitro transcription, comes from the
finding that RNP containing mutated termini can be primed for RNA synthesis if a
complementary dinucleotide is included in the reaction but not if it is absent or
replaced by a non-complementary dinucleotide (Seong & Brownlee 1992b).

1.8.4 Synthetic influenza virus RNPs and their use in promoter
analysis

To enable study of the cis sequences required for transcription and replication, it is
necessary to use mutated RNAs as promoter elements. Since the template for
transcription is not naked RNA but the RNP complex, mutational analysis can only
occur if synthetic RNA can be reconstituted into transcription competent RNP. In
recent years, various methods have been developed for in vitro reconstitution of
active RNP. All these methods use proteins from native RNP, which have been
separated from the influenza virus genome RNA, to complex with in vitro
synthesised RNA of detined sequence.
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Chapter 1 RNA viruses and their genetic manipulation.

Incubation of influenza virus naked RNA, either purified from virions by phenol
extraction or transcribed from plasmids in vitro, with free NP/polymerase fractions,
resulted in the formation of transcriptionally active complexes. The reconstituted
RNP resembled native RNP in in vitro transcription reactions with regard to
temperature and salt optima and kinetics of label incorporation.

Using short model RNA templates transcribed in vitro from plasmids containing
mutated influenza virus sequences, a number of deductions could be made: Firstly,
although it had long been speculated that the double-stranded panhandle formed by
the termini of all influenza virus gene segments (Desselberger et al 1980; Hsu et al
1987) might be involved in polymerase recognition, it was found that 3' terminal
sequences alone could optimally tunction as a promoter (Parvin e? al 1989). The
terminal 15nt were sufticient. Surprisingly, sequences corresponding to the 3'
terminus of cRNA (i.e. the expected promoter for vRNA synthesis), which differs
from the vRNA 3' terminus by three point differences and a single insertion (see
Figure 1.8.4), was not an efficient template in this system—the activity was
reduced to 20% of that observed for vVRNA. Mutational analysis was used to define
which differences resulted in the lower level observed for the VRNA promoter.
Single changes at positions 5 or 8 of VRNA to their cRNA counterparts, had no
effect on promoter activity although the double mutation resulted in only 30%
activity. Position 3 scemed more critical with single mutation reducing activity to
40%. This activity was further greatly reduced by insertion of the additional U
residue at position 10 (only 0.06% activity) although activity returned to 20% by
the additional change C-U at position §.

In the absence of in vivo data it is diflicult to comment on the lower activity of
cRNA compared to vVRNA scquences in this assay. The observation suggests that
vRNA sequences, which have to promote cRNA and high level mRNA synthesis,
are inherently stronger than the cRNA sequences which only have to promote
VRNA synthesis. An alternative possibility would be that transcription to produce
genomic VRNA is temporally controlled to occur late in infection and efficient
transcription requires accumulation or modification of viral proteins or the presence
of a cellular factor.
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1 3 5 8 10
3" oH-UCGUUUUCGUCCCAC VRNA

3' on-UCAUCUUUGUUCCCAC ~ cRNA

Figure 1.8.4 Influenza virus vVRNA and cRNA 3' termini. The nucleotides are
numbered from the 3' terminus for discussion in the text. The cCRNA terminus differs from vRNA
by three point differences (underlined) and by insertion of an extra U residue at position 11.

1.8.4.3 Reconstitution using nuclease treated RNP as protein source.

More recent in vitro studies mutated each of the twelve 3' terminal bases of influenza
virus VRNA (Seong & Brownlce 1992b). Short model templates were reconstituted
into transcriptionally active complexes using protein derived from disrupted virions
which had been depleted of viral RNA by micrococcal nuclease digestion followed
by inactivation of the calcium-dependent nuclease by chelation using EGTA (Seong
& Brownlee 1992a). This system could mimick all three influenza virus
transcription activities: capped primer dependent mRNA synthesis, primer-
independent cRNA synthesis, and ApG-primed VRNA synthesis (Seong &
Brownlee 1992a; Seong et al 1992). Surprisingly it was found that only three of the
conserved twelve 3' terminal vVRNA nucleotides were essential for all three
activities. These formed a triplet (3' GUC 5') at position 9-11 bases in from the
teminus. Mutation of any of these three nucleotides reduced activity to <10% of that
observed for the wild-type scquence. At other positions mutations were found
which led to premature termination of the transcript and some mutations had a
stimulatory effect. For ApG-primed synthesis, mutations at positions 1 and 2
moderately reduced activity with position 1 being more important than for position
2—mutation of which could still give high level of activity if the corresponding
complementary dinucleotide was used to prime instead of ApG. Mutation at
positions 3 or 4 resulted in strong stimulation of unprimed RNA synthesis.
Interestingly, position 4 is the only site where an alternative base is present in some
segments of influenza virus (Robertson 1979; Winter & Fields 1980; Desselberger
et al 1980; Allen et al 1980). Position 4 may therefore play a role in segment-specific
regulation of expression. Based on the detailed in vitro analysis of the VRNA
promoter, it was suggested that the polymerase complex specifically recognises two
sites of the 12 nucleotide promoter—the 3' terminal three nucleotides and three or
four nucleotides, adjacent to each other, starting at position 9. These two contact
points are separated by a short stretch of U residues, mutation of which leads to
premature termination of transcription (Seong & Brownlee 1992b).
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1.8.5 In vivo expression, replication and packaging
of synthetic influenza virus RNPs.

The successtul in vitro reconstitution of transcriptionally active influenza virus
RNPs (Parvin et al 1989) led to the system being applied to the rescue, into
infectious virions, of RNA transcribed in vitro from cDNA (Luytjes et al 1989). A
chimeric DNA version of influcnza virus segment eight was constructed, in which
the coding region for the NS gene was replaced by the CAT gene. In vitro
transcription from an appropriately positioned T7 promoter to a run-off site formed
by restriction enzyme cleavage of the plasmid resulted in a RNA molecule
containing the terminal non-coding sequences, exactly matching those found in
influenza virus segment cight, [lanking an antisense copy of the CAT gene. Being
of negative polarity, this RNA could not be translated to give active CAT protein
unless it was first itsclf uscd as a template to make positive strand mRNA. This
design gave a sensitive and absolute reporter system for influenza virus dependent
transcription since eukaryotic cells contain neither CAT nor RNA dependent RNA
polymerase activity. Using the same procedure that had been applied successfully
to synthesise influenza virus RNPs active for in vitro transcription (Parvin et al
1989), RNP containing the chimeric CAT/segment eight RNA was synthesised and
transfected into cells (Luytjes er al 1989). In the presence of replicating helper
influenza virus, the synthctic RNP was expressed, replicated and packaged into
infectious virions which could be serially passaged several times (see figure 1.8.5).

Amplification was necessary lor expression to occur to detectable levels. This was
demonstrated by including a similar chimeric CAT/segment eight RNA which
differed by three point mutations at the 5' end which were known to interfere with
synthesis of VRNA but not of cRNA or mRNA—the promoters for which lie
entirely at the 3' terminus of vRNA. This mutant, although capable of primary
transcription of the input template, did not allow measurable levels of CAT to
accumulate suggesting that the chimera with wild type termini are replicated as well
as expressed.

RNA was packaged into virions, as demonstrated by the ability of the media from
transfection experiments to induce CAT activity in cells after serial passage even
after RNase A treatment. CAT induction was however abolished by treating the
medium with anti-intluenza virus serum to aggregate virus particles. This report
was the first to achieve packaging of genetically manipulated RNA of any negative
strand RNA virus.
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