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Summary

This project concerns the identification and characterisation of some of the molecular
interactions of the Bunyamwera virus (BUN) nucleocapsid (N) protein, and attempts to
construct a model for encapsidation of viral RNA by N.

BUN is the prototype virus of the Bunyaviridae, a family of negative-strand viruses with
tripartite genomes. All BUN genome and antigenome RNAs are encapsidated by N.
This interaction was investigated in vitro by expressing His-tagged BUN N in bacteria,
purifying it in its native form and developing binding assays to analyse its association
with a short radiolabelled riboprobe consisting of the termini of the BUNS segment. N
was demonstrated to bind the riboprobe by Northwestern, gel electrophoretic mobility
shift (GEMSA) and filter-binding assays. The complexes were found to possess a
similar level of resistance to digestion with ribonuclease as authentic nucleocapsids.
Analysis by GEMSA was interpreted to indicate complete encapsidation of the
riboprobe by N, with a number of discrete complexes presumed to be intermediates in
the sequential encapsidation process apparent. Filter-binding assays were utilised to
determine the binding kinetics. The resultant dissociation constant was similar to
dissociation constants obtained for other negative-strand virus N-RNA interactions and
implied that binding was strong. Supporting the latter observation was the ability of
complexes to form over a wide range of ionic conditions. The binding kinetics also
indicated that the binding of N to the riboprobe was co-operative, reinforced by the
demonstration that the capacity of N to bind RNA was dependent on its concentration.
The 5’ terminus of each segment RNA had been implicated in encapsidation initiation,
but no direct evidence had been produced. To investigate the presence of an
encapsidation signal, competitive binding assays were set up with various RNA
species. The 5’ 32 terminal nucleotides of the BUN S segment were bound selectively,
implicating this region in encapsidation initiation. In addition, N was capable of binding
any RNA non-selectively and to a low degree, indicating the presence of two modes of
binding. Predictions of the secondary structure of 5 terminal sequences revealed
potential stem-loops containing a consensus sequence in the loop region that had
previously been found to be essential for transcription of a recombinant BUN S segment
in a minireplicon system. The stem-loop was suggested to constitute an encapsidation
signal, supported by the inability of alrj_RNA‘ gpntaining the same sequence but not

predicted to form the stem-loop to be bound Selectively.
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BUN mRNA is not normally encapsidated and possesses a capped, heterogeneous
primer sequence on its 5’ end. The predictions of secondary structure were extended to
propose a mechanism of inhibition of encapsidation by the primer sequence, which,
under certain circumstances, was suggested to be reversible when required. The
information obtained on N-RNA interactions was used to propose a model for
encapsidation in BUN.

The co-operative nature of N-RNA binding suggested that multimerisation of N took
place. This was investigated by expressing N as fusion proteins in the mammalian two-
hybrid system, and a potential self-association was identified. This was supported by
the co-immunoprecipitation of native N with His-tagged N in mammalian cells. However,
neither the amino nor the carboxy half of N was found to be capable of interacting with
His-tagged N exclusively. .

No evidence of an interaction between the viral polymerase, L, and N or between L and
the non-structural viral protein NSs was obtained using the mammalian two-hybrid
system, and NSs was not found to multimerise. However, a weak interaction between N
and NSs was identified. The potential role of this interaction in the mechanisms of
transcription inhibition or interferon antagonism ascribed to NSs is discussed.
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Introduction
Chapter 1: Introduction

1.1. The Bunyaviridae

1.1.1. Classification and taxonomy

The family Bunyaviridae consists of over 300 members, isolated on every continent
except Antarctica (Karabatsos, 1985). Criteria for inclusion in the family are based on
morphology, serological relationships, biochemical properties and coding and
replication strategies (Bishop, 1980). Members of the Bunyaviridae are arthropod or
rodent-borne. The viruses are capable of infecting birds, mammals or plants,
sometimes causing severe disease.

Members of the Bunyaviridae are divided into the five genera Bunyavirus, Hantavirus,
Nairovirus, Phlebovirus and Tospovirus according to their morphological,
morphogenetic and serological relationships and replication and coding strategies
(Murphy et al., 1973; Martin et al., 1985). They are also referred to by the vernacular
terms bunyaviruses, hantaviruses, nairoviruses, phleboviruses and tospoviruses,
respectively. In addition there are a number of viruses meeting the criteria for inclusion
in the Bunyaviridae but that are currently unassigned to a serogroup or genus
(Karabatsos, 1985; Elliott et al., 2000).

1.1.2. Structure and morphology

Bunyaviridae virions have been reported to be spherical or pleomorphic on cryo-
electron microscopy. The particles are between 75 and 115nm in diameter with a 4nm
thick membrane. The surface is punctuated by glycoprotein projections approximately
10nm long (Talmon et al., 1987). Differences in the appearance of virion surface
structure between genera were found to be attributable to the glycoproteins (Martin et
al., 1985; Schmaljohn, 1996b).

Within the virion the tripartite negative-sense RNA genome exists associated with the
nucleocapsid protein N and the viral polymerase L in loosely helical ribonucleoprotein
structures termed nucleocapsids (Fig.1.1; reviewed by Elliott, 1990). These are usually
the only RNA species found in the virion; mRNA is not assembled into viral particles.
The three segments are named according to their size: L (large), M (medium) and S
(small). Nucleocapsids were found to possess a buoyant density of 1.31g/ml, similar to
that of Sendai virus (SeV) and vesicular stomatitis virus (VSV), which suggests that



L segment
M segment

S segment

Fig.1.1. Schematic of the structure of members of the Bunyaviridae. The three
RNA segments S, M and L are present encapsidated by the nucleocapsid
protein N and associated with the viral polymerase L within nucleocapsid
structures. Surrounding the nucleocapsids is a lipid envelope in which the two
viral glycoproteins G1 and G2 are anchored. Figure courtesy of R Pettersson.
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they are composed of 96% protein and 4% RNA by weight (Obijeski & Murphy, 1977).
N is present at approximately 2100 molecules per virion, L at approximately 25
molecules (Obijeski et al., 1976). The terminal sequences of each segment of RNA are
highly conserved and complementary (Fig.1.2). They are believed to hydrogen-bond in
infected cells and in virions to form panhandle structures, conferring a circular
appearance to nucleocapsids when viewed by electron microscopy (Bouloy et al.,
1973/74; Pettersson & von Bonsdorff, 1975; Samso et al., 1975; Hewlett et al., 1977;
Pardigon et al., 1982; Raju & Kolakofsky 1989). Pardigon et al. (1982) isolated the
termini of Germiston virus (GER) as a short duplex molecule after self-annealing and
RNase digestion, and Patterson et al. (1983) isolated an approximately 30bp double-
stranded panhandle structure from deproteinised La Crosse virus (LAC) nucleocaspids
with RNase treatment. In addition, Raju and Kolakofsky (1989) were able to chemically
cross-link the termini of LAC.

Members of the Bunyaviridae contain two glycoproteins designated G1 and G2
according to their relative electrophoretic mobilities, with G1 being the slower migrating
and therefore the larger protein. However, they lack a matrix protein-equivalent and
thus assembly of the particle may be driven by association of the nucleocapsid with the
glycoproteins or Golgi membrane (Pettersson & von Bonsdorff, 1987; Talmon et al.,
1987).

1.1.3. Transmission and disease
Members of the Bunyaviridae that are important pathogens are listed in Table 1.1, and
are reviewed in Elliott (1997).

1.1.3.1. Genus Bunyavirus

The prototype of both the Bunyavirus genus and the family Bunyaviridae is
Bunyamwera virus (Bunyamwera serogroup), which was isolated in 1943 from Aedes
species mosquitoes in the Semliki Forest in Uganda (Smithburn et al., 1946).
Bunyaviruses comprise the largest genus in the family, with 177 viruses divided into 19
groups (Elliott et al., 2000). Bunyaviruses are arboviruses, the majority transmitted by
mosquitoes, with isolation from culicoid flies, ticks, phlebotomines and tabanids (horse
and deerflies) also reported (Wright et al., 1970; Karabatsos, 1985). Transovarial
transmission has been established in some cases. Vertebrate hosts have been

described for a small number of viruses. A number of bunyaviruses have been



Bunyavirus  3'-UCAUCACAUGA................ UCGUGUGAUGA-5'

Hantavirus  3-AUCAUCAUCUG....................... AUGAUGAU-5'
Nairovirus 3-AGAGUUUCU...........ceeeenen. AGAAACUCU-5'
Phlebovirus  3-UGUGUUUC............................. GAAACACA-5'
Tospovirus  3-UCUCGUUAG...............ccennne CUAACGAGA-5'

Fig.1.2. Consensus terminal sequences of Bunyaviridae genome RNA segments.

The terminal sequences are complementary and conserved within each genus.



Genus

Bunyavirus

Hantavirus

Nairovirus

Phlebovirus

Tospovirus

Pathogen

Bunyamwera virus
Germiston virus
Oropouche virus
Snowshoe hare virus

La Crosse virus
California encephalitis virus
Cache Valley virus
Akabane virus

Inkoo virus

Jamestown Canyon virus
Tahyna virus

Black Creek Canal virus
Convict Creek virus
Dobrava-Belgrade virus
Hantaan virus

Puumala virus

Seoul virus

Sin Nombre virus
Crimean-Congo
haemorrhagic fever virus
Dugbe virus

Nairobi sheep disease
Rift Valley fever virus
Sandfly fever virus
Toscana virus

Punta Toro virus

Tomato spotted wilt virus

Disease

human; fever, rash

human; fever

human; fever

human; encephalitis

human; La Crosse encphalitis

human; California encephalitis

sheep; foetal abnormalities

ruminants; foetal abnormalities

human; fever

human; encephalitis

human; influenza-like

human; hantavirus pulmonary syndrome
human; hantavirus pulmonary syndrome
human; HFRS*

human; HFRS

human; HFRS

human; HFRS

human; hantavirus pulmonary syndrome

human, ruminants; haemorrhagic fever
human; ruminants

sheep

human, ruminants; Rift Valley fever
human; fever

human; meningitis

human; fever

plants

Impatiens necrotic spot virus plants

*HFRS: haemorrhagic fever with renal syndrome

Table.1.1. Members of the Bunyaviridae that are important pathogens. Adapted from

Calisher (1996) and Gonzalez-Scarano et al. (1996).
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associated with diseases. Members of the California serogroup cause the most relevant
human diseases, which include encephalitis caused by La Crosse virus (LAC),
California encephalitis virus (CE), and Jamestown Canyon virus (Gonzalez-Scarano et
al., 1996). Other medically important members of the serogroup include Inkoo virus,
which causes a febrile illness in humans, and Tahyna virus which is responsible for an
influenza-like illness in Europe. Bunyamwera and Germiston viruses, both members of
the Bunyamwera serogroup, and Oropouche virus, which is a member of the Simbu
serogroup, cause a febrile iliness in humans. Cache Valley (Bunyamwera serogroup)
and Akabane (Simbu serogroup) viruses have been shown to cause foetal

abnormalities and abortions in ruminants.

1.1.3.2. Genus Hantavirus

The hantaviruses consist of twenty-two viruses in a single serogroup with the prototype
virus Hantaan (HTN; Elliott et al., 2000). There is no evidence that hantaviruses are
arboviruses; instead, they are transmitted by rodents, which are their natural hosts.
Some are associated with disease in humans, transmission occurring via inhalation of
virus present in dried urine and faeces. The new-world disease hantavirus pulmonary
syndrome (HPS) is the most severe illness, with a case fatality rate of approximately
43%, and is usually attributed to Sin Nombre virus (Nichol et al., 1996; Leslie et al.,
1999). Symptoms resemble those of acute respiratory distress syndrome, with rapid
progression of respiratory failure and shock. Other hantaviruses such as HTN, Dobrava
(DOB), Seoul (SEO) and Puumala (PUU) cause haemorrhagic fever with renal
syndrome (HFRS) with case fatality rates ranging from 0.1 to 15% throughout Europe
and Asia (McKee et al., 1991; Lee, 1996).

1.1.3.3. Genus Nairovirus

The Nairovirus genus includes seven serogroups with a total of 34 viruses transmitted
by ticks and, less commonly, culicoid flies and mosquitoes (Calisher, 1996: Elliott et al.,
2000). The prototype Dugbe (DUG) and Nairobi sheep disease cause disease in
humans and cattle, and Crimean—Congo haemorrhagic fever (CCHF) virus is the
causative agent of a severe disease of the same name. CCHF occurs throughout
Africa, Asia and Eastern Europe and possesses a mortality rate of up to 20%
(Gonzalez-Scarano et al., 1991).
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1.1.3.4. Genus Phlebovirus

Phleboviruses are divided into three serogroups incorporating 44 viruses (Elliott et al.,
2000). Most are transmitted by phlebotomine flies (hence their name), with mosquitoes
and ticks also identified as vectors (Calisher, 1996). The most serious pathogen is Rift
Valley fever virus (RVF), which causes a haemorrhagic fever of the same name in
humans and also causes serious disease in cattle across sub-Saharan Africa (Morrill &
McClain, 1996). Mortality rates among cattle vary between 10 and 30%, with very
young animals demonstrating rates of up to 100%. In humans only a low proportion
(less than 1%) normally develops an acute haemorrhagic syndrome, although this
figure is often higher during outbreaks. Nevertheless, among those that do develop
acute illness the case fatality rate is approximately 50% and can include severe

complications during convalescence, including encephalitis (Morrill & McClain, 1996).

1.1.3.5. Genus Tospovirus

The eight members of the Tospovirus genus are unique among the Bunyaviridae in
that they infect plants and are transmitted by thrips (Elliott et al., 2000). They occur
worldwide, infecting an extensive range of plant species (more than 800 species from
82 families) and causing crop losses exceeding $1 billion per annum (Goldbach &
Peters, 1994 & 1996; Prins & Goldbach, 1998).

1.1.4. Stages of the infectious cycle
The stages of infection and replication in animal cells and possibly also insect cells are
summarised in fig.1.3 as follows (Bishop, 1996):

1. Adsorption, entry and uncoating. Virion glycoproteins attach to cellular
receptors that have only been defined thus far for hantaviruses, which utilise the p3
integrin receptor (Gavrilovskaya et al., 1998). The virion enters the cell by a process of
endocytosis. The virion envelope fuses with the membrane of the endosome and
thereby releases the nucleocapsids into the cytoplasm.

2. Transcription to make mRNA. This takes place in the cytoplasm and involves
cleavage of capped sequences from host cellular mMRNAs by the viral polymerase (L
protein). These are then used to prime transcription of the S, M and L mRNAs by L.

3. Translation. Translation yields N, L, the glycoproteins and any nonstructural
proteins. Cellular ribosomes are utilised for translation of the viral proteins. In the case
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Fig.1.3. General schematic of the infection course of members of the
Bunyaviridae. Portrayed are the infection stages of animal cells; infection of
insect cells may differ in detail. Hantaviruses and phleboviruses assemble
at the plasma membrane. Tospovirus infection of plant cells involves NSm-
mediated interceliular transport through plasmodesmata. From Bishop
(1996).
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of the glycoproteins the ribosomes are bound to the membrane of the endoplasmic
reticulum and the glycoproteins are processed in the Golgi apparatus.

4. Replication of the viral genome and secondary transcription. Replication
occurs via copying of each segment by L into a full-length positive-sense intermediate
antigenome which is subsequently copied back into the negative-sense genome, also
by L. The switch from transcription to replication is unknown. A second round of
transcription to generate the viral mMRNAs can then take place and more viral proteins
are synthesised. Replication is ongoing.

5. Morphogenesis. Viral proteins of bunyaviruses accumulate in the Golgi
apparatus and viral assembly takes place. However, some hantaviruses and
phleboviruses have been observed to assemble at the plasma membrane (Anderson &
Smith, 1987; Goldsmith et al., 1995; Ravkov et al., 1997); hantavirus components reach
their assembly point by association with actin filaments (Ravkov et al., 1998).
Tospoviruses assemble in the endoplasmic reticulum (Goldbach & Peters, 1996).
Nucleocapsids are probably packaged into virions by an undefined association with the
glycoproteins.

6. Release. The virions are transported to the plasma membrane in vesicles
which fuse with the membrane and release the virions. Virions that assemble at the
plasma membrane bud directly into the extracellular space. In tospovirus infection of
plant cells the nucleocapsids are transported to a neighbouring cell through

plasmodesmata, or bud into the endoplasmic reticulum.

1.1.5. Coding strategies

The coding strategies for the L, M and S segments of the different genera of the
Bunyaviridae are shown in Fig.1.4. The size of segments varies considerably between
genera; the L segment ranges between 6.4kb for BUN to 12.2kb for DUG, whereas the
M segment ranges from 3.2kb (for UUK) to 4.9kb (for DUG), and the S segment shows
a difference in size from 0.9kb (for BUN) to 2.9kb (for TSWV).

In general, the L segment encodes the L protein, the M segment encodes the
glycoproteins G1 and G2 and the S segment codes for the N protein. In the case of
bunyaviruses, tospoviruses and some phleboviruses, a nonstructural protein NSm is
also encoded by the M segment. In addition, bunyavirus, tospovirus and phlebovirus S

segments encode another nonstructural protein termed NSs.
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The S segment of phleboviruses and M and S segments of tosposviruses possess an
ambisense coding strategy, in which one of the ORFs is present in the opposite
(positive-sense) orientation (Fig.1.4; Ihara et al., 1984; de Haan et al., 1990; Simons et
al., 1990; Law et al., 1992). The genes present in the positive-sense orientation encode
the NSs proteins of phleboviruses and tospoviruses, and the NSm protein of
tospoviruses. The mRNAs for these genes are transcribed from the -antigenome RNA,
not the negative-sense genome. The two ORFs of opposite orientation are separated
by an intergenic region thought to harbour transcriptional termination elements (Emery
& Bishop, 1987).

Bunyavirus S segments encode the NSs protein ORF as a separate reading frame
within the N gene, but in the same orientation (Bishop et al., 1982; Bouloy et al., 1984,
Eliott et al., 1989).

1.1.6. Gene products

1.1.6.1. N

The nucleocapsid proteins of the Bunyaviridae are the most abundant proteins in virions
and infected cells and range in size from 26 to 50 kD. It is interesting that in
hantaviruses and nairoviruses, neither of which encode an NSs protein, the N protein is
almost twice the size of that of the other members of the Bunyaviridae. This has led to
speculation that the function of NSs is contained within the N proteins of these viruses.
N proteins of other negative-strand viruses (NSVs) appear to have diverse functions
generally involved in encapsidation of the viral genome and regulation of replication
(discussed in section 1.2.3.). N proteins of the Bunyaviridae are positively charged as
expected for proteins thought to bind RNA. However, N proteins of different genera of
the Bunyaviridae share little or no sequence homology and although hantavirus N
proteins have been shown to bind RNA, they do not contain an RNA-binding consensus
sequence (Gott et al., 1993). The RNA-binding properties of hantavirus N will be
discussed in section 1.2.4.2. However, there is some homology between N proteins of
viruses within a genus, and regions of homology tend to be clustered which might
indicate conservation of functional domains. Within the Bunyamwera serogroup there
exists approximately 62% identity between N proteins, with approximately 40% identity
with those of the California serogroup (Dunn et al., 1994; Elliott, 1995). Furthermore,

the C-terminus of hantavirus and nairovirus N proteins indicate a high degree of
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conservation within each genus. The C-termini of hantavirus N proteins have been
reported to have identities of 85% (Schmaljohn, 1996b), and some nairovirus N proteins
demonstrate 80% identity in the C-terminus (Marriott & Nuttall, 1992). However, the N
protein of phleboviruses do not possess highly conserved C-termini (Giorgi et al., 1991).
An analysis of conservation of residues in the N proteins of 17 bunyaviruses from three
serogroups was provided by Elliott (1996), has been adapted graphically in Fig.1.11,
and is discussed in section 1.2.4.3. Much or most of the immune response has been
found to be directed towards the N protein of hantaviruses, nairoviruses and
tospoviruses during infection (de Avila et al., 1990; EI-Ghorr et al., 1990; Schmaljohn,
1996b).

1.1.6.2. NSs

NSs proteins are generated by bunyaviruses, phleboviruses and tospoviruses and
range in size from 11 to 52kD. The function of phlebovirus and tospovirus NSs, both of
which are generated by ambisense transcription from the S segment, is unknown, and
there is no evidence that they share common functions. The positive polarity of their
genes suggests that they are not required early on in infection as the genome RNA
must first be copied into the antigenome RNA before NSs can be expressed. Indeed,
phlebovirus NSs is not detected until 2h after the N protein is detected (Ulmanen et al.,
1981). Analysis of cells infected with various phleboviruses has suggested that it
localises in the nucleus, cytoplasm or Golgi, and that it can be associated with virions

and nucleocapsids, or with the 40S ribosomal subunit (reviewed by Giorgi, 1996).

Until recently the function of bunyavirus NSs protein was unknown, although its
involvement in termination of viral transcription had been speculated (Vialat & Bouloy,
1992). Advances have now shown that it appears to possess a number of functions,
namely as an antagonist of B-interferon and a virulence factor (Bridgen et al., 2001),
and an inhibitor of viral transcription (Weber et al., 2000).

Bridgen et al. (2001) generated a mutant BUN virus in which the NSs ORF was
destroyed by five point mutations (all silent in the N ORF), using the rescue system
previously established (Bridgen & Elliott, 1996). The resultant virus, designated
BUNdeINSs, did not express NSs. The mutant virus exhibited a plaque size of 1-2mm in
diameter, as opposed to the 3-5mm plaques generated by wt BUN, and viral titres an
order of magnitude lower. The amount of N in the infected cell was approximately 10-
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fold higher. Host protein synthesis was impaired but not shut-off, in contrast to wild-type
BUN, implicating NSs in the shut-off mechanism. Intracranial inoculation of mice with
BUNdelNSs still resulted in infection of neurones and death in every case but the mice
generally survived longer than those inoculated with wt BUN and the virus was less
able to spread. Hence NSs was determined to be important in pathogenesis and not to
be essential for growth of the virus in cell culture or mice.

One of the mechanisms by which NSs might work as a virulence factor is its ability to
antagonise interferon production by the host cell by inhibiting the interferon-g promoter
(Bridgen et al., 2001). This effect was found not to be attributable to host protein shut-
off although the mechanism has not been elucidated.

NSs was observed to inhibit mMRNA synthesis and replication by L in the BUN
minireplicon system (Weber et al., 2001). The purpose of this effect is uncertain but
might serve to prevent an excess of viral RNA in the infected cell. If the rate of RNA
synthesis were to exceed that of N protein expression, the result would be an
accumulation of unencapsidated RNA of both polarities, which could then base-pair to
form double-stranded RNA, triggering the cell’s interferon-p response. The function of
NSs in transcription regulation might therefore be related to its role as an interferon
antagonist. Another possibility is the prevention of superinfection of the cell by a closely
related virus. This was supported by the observation that NSs proteins of other
bunyaviruses were also found to inhibit transcription by BUN L in minireplicon system.
In addition, superinfection typically occurs later in infection, which is when levels of NSs

are highest.

1.1.6.3. M segment proteins

The M segment encodes the two viral glycoproteins G1 and G2, as well as the
nonstructural protein NSm in bunyaviruses, tospoviruses and some phleboviruses. It
should be noted that the designation of the glycoproteins corresponds only to their
respective electrophoretic mobility and not to their functions or gene order.

The M segment proteins are expressed as a single polyprotein that is co-translationally
cleaved (Fazakerly et al., 1988). Cleavage is thought to be due to a host cell signal
peptidase located within the ER lumen. However, a proportion of RVF (phlebovirus) G1
protein in the infected cell appears to result from translation initiation at a different start
codon, and is therefore not produced by cleavage of the polyprotein (Suzich et al.,
1990).
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The function of the NSm proteins of bunyaviruses and phleboviruses is presently
unknown. They possess similar sizes (14kD for bunyaviruses, 18kD for phleboviruses)
but the positions of their genes relative to those of the glycoproteins are different; in
bunyaviruses the NSm gene is found between the glycoprotein genes, whereas in
phleboviruses it is located upstream of the glycoprotein genes. Bunyavirus NSm may
be an integral membrane protein as it possesses a number of hydrophobic domains
and was reported to localise to the Golgi apparatus of infected cells (Nakitare & Elliott,
1993).

1.1.6.3.1. Glycoproteins

The size of the viral glycoproteins ranges from 32kD (BUN G2) to 110kD (BUN G1).
They are type | membrane-spanning glycoproteins thought to span the membrane
once, with the C-terminus of each facing towards the cytoplasm and the N-terminus
external to the cell (reviewed by Pettersson & Melin, 1996). Both glycoproteins are
predicted to be preceded by a hydrophobic signal sequence in the precursor polyprotein
for translocation across the ER membrane (Eshita & Bishop, 1984; Lees et al., 1986;
Grady et al., 1987; Schmaljohn et al., 1987; Pardigon et al., 1988; Arikawa et al., 1990;
Kormelink 1992c; Pettersson & Melin, 1996). In addition, sequences yielded a predicted
C-terminal anchor. The NSm proteins of bunyaviruses and phleboviruses also appear to
possess both an N-terminal signal sequence and a C-terminal anchor, suggesting that
they are also integral membrane proteins.

G1 and G2 generally have a high cysteine content (approximately 5-7%), with the
positions of cysteine residues highly conserved, implying relatively extensive disulphide
bridge formation (Eshita & Bishop, 1984; Grady et al., 1987; Elliott, 1990). N (Asn)-
linked glycosylation sites have been found on both glycoproteins, but not on NSm
(Eshita & Bishop, 1984; Schmaljohn et al., 1986; Grady et al., 1987; Pardigon et al.,
1988; El-Ghorr et al., 1990; Ruusala et al.,, 1992). In LAC and Inkoo viruses it was
determined that G2 possesses mostly high-mannose glycans, whereas G1 has both
complex and intermediate-type, although the type is thought to be dependent on the cell
line (Madoff & Lenard, 1982). In hantaviruses both glycoproteins were found to possess
high-mannose glycans (Schmaljohn et al., 1986; Antic et al., 1992; Ruusala et al.,
1992). The mature bunyavirus glycoproteins were determined to be sensitive to the

enzyme endo-H which cleaves high-mannose sugars. As endo-H sensitivity is usually
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removed in the smooth ER and Golgi, the viral glycoproteins were thought to be

incompletely processed.

1.1.6.3.2. TSWV NSm

The 37kD NSm protein of TSWV was found to demonstrate some characteristics typical
of viral movement proteins, which transport nucleocapsids intercellularly via the
plasmodesmata of plant cells. TSWV NSm was found to co-localise with nucleocapsids
and plasmodesmata and to trigger tubule formation in infected cells, the tubules
penetrating the plasmodesmata (Kormelink et al., 1994; Storms et al., 1995).
Subsequently NSm was shown to possess the ability to bind N and bind nonspecifically
to ssRNA, apparently permitting a transient association with nucleocapsids during
transport (Soellick et al., 2000). NSm was also found to bind the cellular protein DnaJ, a
key regulator of the Hsp-70 chaperone which is involved in microtubule formation and
probably intercellular transport (Soellick et al., 2000). Hence, it has been characterised

as a viral movement protein.

1.164.L

Bunyaviridae L proteins are encoded by the L segment and vary in size from 240 to
460kD (Fig.1.4). Detergent-disrupted preparations of members of the Bunyaviridae
were found to demonstrate weak transcriptase activity which was attributable to the L
protein, identifying it as the viral RNA-dependent RNA polymerase (Bouloy & Hannoun,
1976; Patterson et al, 1984). Jin and Elliott (1991) demonstrated activity of a
recombinant BUN L in amplifying S segment RNA from nucleocapsids transfected into
mammalian cells. Subsequently, the BUN L and N proteins were found to be sufficient
for efficient transcription of a recombinant RNA in a reverse genetic system (Dunn et
al., 1995). L is also believed to possess an endonuclease activity utilised to generate
transcription primers by cleaving the 5’ ends from host mRNAs (Patterson et al., 1984;
see section 1.1.8.3.). Bunyaviridae L proteins lack extensive sequence homology with
the polymerases of other NSVs. However, they contain the four polymerase motifs A-D
identified in all RNA-dependent RNA polymerases (Poch et al., 1989; Jin & Elliott,
1992; Ishihama & Barbier, 1994) and also the additional motifs pre-motif A and E
(Muller et al.,, 1994). In particular, all Bunyaviridae L proteins contain the amino acid
sequence SDD within the C motif, which is the catalytic domain. The SDD sequence is

10
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a common feature of segmented NSVs and ambisense viruses, as opposed to GDD or
GDN in the C motif of other viral polymerases (Elliott, 1996).

1.1.7. Attachment and entry

LAC virions that were subjected to proteolytic treatment to remove their surface spikes
(i.e. protruding glycoproteins) demonstrated an extensive drop in infectivity (Obijeski et
al., 1976), implying that the glycoproteins are necessary for recognition of, attachment
to and entry into the host cell. Subsequently, LAC G1 has been proposed as the
attachment protein for vertebrate cells. When only G1 was subjected to proteolytic
treatment, G2 alone could not mediate infection of vertebrate cells (Kingsford & Hill,
1983). However, Ludwig et al. (1989) observed an increased degree of infectivity of
invertebrate cells by virions possessing proteolytically-treated G1, leading them to
propose that G2 is important in attachment to receptors present on mosquito cells.

The only receptor identified for recognition by a member of the Bunyaviridae thus far is
the B3-integrin receptor, found to be important in infection by Sin Nombre and New York
hantaviruses that cause hantavirus pulmonary syndrome (Gavrilovskaya et al., 1998).
Blocking of attachment with the use of ligands or antibodies against the receptor
reduced infectivity, whereas transfection of a non-permissive cell line with B3-integrin
receptors increased infectivity substantially.

Bunyaviruses have been demonstrated to undergo pH-dependent fusion, presumably
related to a change in the structure of the glycoproteins and fusion of the viral envelope
with the membrane of the endosome (Gonzalez-Scarano et al, 1984 & 1985;

Gonzalez-Scarano, 1985).

1.1.8. Transcription

1.1.8.1. General principles

On infection of the cell, RNA synthesis by members of the Bunyaviridae begins with
primary transcription, i.e. synthesis of mRNA, which is translated to generate the viral
proteins required for subsequent transcription. The genome is then replicated via an
antigenome intermediate prior to secondary transcription taking place, which generates
the majority of viral mRNA in the cell (Cunningham & Szilagy, 1987). The minimal
template for both transcription to generate mRNA and replication is the encapsidated
RNA. In the case of the phlebovirus and tospovirus ambisense segments, the genome

11
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RNA is used as a template to generate mRNA for one gene, and the antigenome as a
template to generate mRNA for the other gene. Hence, the gene present as a positive-
sense copy in the genome requires copying of the genome into the antigenome before
its MRNA can be generated.

Negative-sense genome RNA is therefore both transcribed to positive-sense mRNA,
which in non-ambisense segments is truncated at the 3’ end by approximately 50-110nt
relative to the antigenome RNA and possesses a non-templated capped sequence at
the 5’ end (Bishop et al., 1983; Jin & Elliott; 1993a; Patterson & Kolakofsky, 1984), and
copied to full-length positive-sense antigenome RNA (Fig.1.5). The antigenome is then
copied back to full-length genome RNA, which is approximately 6-fold more abundant in
the cell (Raju & Kolakofsky, 1987b). The genome and antigenome RNA species are
both encapsidated by N but mRNA is not (Bouloy et al., 1984). The process of mMRNA
synthesis by members of the Bunyaviridae therefore possesses similarities with that of
influenza virus, although mRNA of members of the Bunyaviridae is thought not to be
polyadenylated and influenza virus mMRNA synthesis occurs in the nucleus.

1.1.8.2. Untranslated regions

The coding regions of each segment of every member of the Bunyaviridae do not
extend to either terminus of the segment. Instead, an untranslated region (UTR) flanks
the coding region and is therefore situated at either terminus. The lengths of the UTRs
of members of the Bunyaviridae range from fewer than 20nt to almost 340nt, with the 5'
UTR always being significantly longer than the corresponding 3’ UTR (discussed in
Dunn, 2000). The termini of the segments of all members of the Bunyaviridae possess
inverted complementarity which might cause them to hydrogen-bond to form a
panhandle structure (Bouloy et al., 1973/74;, Samso et al., 1976; Raju & Kolakofsky,
1989). The first eleven nucleotides of the 5’ and 3' termini are conserved among all
bunyavirus segments. In addition, the subsequent four nucleotides of the 5" and 3’
termini of the BUN S and L segments, and three nucleotides of the M segment termini
are conserved for each segment in viruses within a serogroup (Elliott, 1990; Elliott et al.,
1991).

By analogy with other NSVs, the UTRs of members of the Bunyaviridae were thought to
contain the cis-acting signals necessary for transcription of the genome. Raju &
Kolakofsky (1987b) suggested that the encapsidation of the LAC S segment initiates
within the 5§ UTR (discussed in section 1.2.4.1.). Dunn et al. (1995) developed a
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Fig.1.5. Transcription and replication strategies. (a) mMRNA synthesis occurs first.
During mRNA synthesis, L cleaves a capped sequence from cellular mRNAs and
uses this to prime transcription using the negative-sense, encapsidated genome
RNA as a template. The positive-sense viral mMRNAs therefore possess a capped,
heterogeneous sequence at the 5 end. They are also truncated at the 3' end
relative to the template RNA and are not encapsidated. On subsequent replication,
the encapsidated negative-sense genome of members of the Bunyaviridae is copied
to a full-length positive-sense antigenome intermediate that is also encapsidated.
This is then copied back into full-length negative-sense genome RNA which is
encapsidated. (b) Late in LAC infection, a minor population of RNA species were
discovered that consisted of full-length, positive-sense RNA that possessed the
capped heterogeneous sequence and was unencapsidated, and truncated, positive-
sense RNA that lacked the capped sequence but was encapsidated (Raju &
Kolakofsky, 1987b). This led to the proposal that encapsidation is initiated at the &'
terminus and is inhibited by the capped heterogeneous sequence.
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reverse genetic system for analysis of the cis-acting signals involved in BUN
transcription by using a negative-sense chloramphenicol acetyltransferase (CAT) RNA
flanked by the negative-sense BUN termini (discussed in section 1.1.14.). It was
determined that the 5" and 3' UTRs were sufficient for transcription and replication of
the recombinant RNA template to take place in vivo. Hence, the BUN UTRs were
thought to contain the viral promoter and any encapsidation initiation signals necessary
for encapsidation and transcription of the RNA. Further work using the reverse genetic
system involved the use of termini truncated to the first 20nt of each terminus, or 32nt of
the 5 terminus and 33nt of the 3’ terminus (Dunn, 2000). The recombinant RNA
containing only the first 20nt of each terminus was minimally active as a template, but
the RNA containing 32nt of the 5 terminus and 33nt of the 3’ terminus was active.
Hence, it was determined that the signals essential for transcription are present within
the region of RNA from each end of the segment to a point within the first 20-32nt of the
5’ terminus, and 20-33nt of the 3’ terminus, and that this region must therefore include
the viral promoter. Replacement of one of the termini with that from a different segment
resulted in an inactive template, suggesting that the 5 and 3' UTRs of different
segments are incompatible and that the region beyond the first conserved eleven
nucleotides is essential for transcription (Dunn, 2000). When the complementarity of the
termini was increased beyond the first eleven nucleotides to include the first 18nt,
activity in the assay was restored. Hence, complementarity would appear to be an
important feature in the UTRs for providing transcriptional regulatory signals.

The structure of the UTRs is unknown. The high degree of complementarity between
the 5’ and 3’ termini suggests that a strict panhandle structure might exist, involving
base-pairing between one terminus and the other. However, intra-strand base-pairing
that has been suggested for influenza virus (see section 1.2.3.4.3.) might exist, and a
hairpin structure was proposed for Germiston virus RNA (Pardigon et al., 1982).
However, mutations in the termini of the BUN S segment used in the reverse genetic
system (Dunn, 2000) did not support the corkscrew model proposed for influenza virus
panhandles (Flick et al., 1996).

1.1.8.3. Transcription intiation

Transcription of mMRNA begins at the 3’ end of each segment (Clerx van Haaster et al.,
1980; Cash et al., 1979). L is thought to possess endonuclease activity which it uses to
cleave the 5 ends of host cytoplasmic mRNAs in a process termed ‘cap-snatching’
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(Patterson et al., 1984). The resulting 5'-capped fragments are then thought to be
utilised to prime transcription in a mechanism analogous to that of influenza virus
(detailed in section 1.2.3.4.4.; Krug, 1981; Plotch et al., 1981; Patterson & Kolakofsky,
1984; Kolakofsky & Hacker, 1991). Supporting this theory is the observation that
mRNAs of members of the Bunyaviridae possess 5' terminal, capped, non-templated
extensions of approximately 10-18nt (Bishop et al., 1983; Patterson & Kolakofsky,
1984; Eshita et al., 1985; lhara et al., 1985; Collett, 1986; Bouloy et al., 1990; Hacker et
al.,1990; Simons & Pettersson, 1991; Kormelink et al., 1992b; Vialat & Bouloy, 1992;
Jin & Elliott, 1993b). Moreover, LAC L was found to cleave foreign RNA at the position
expected for the length of the 5’ capped extensions (Patterson et al., 1984). However,
unlike influenza virus mRNAs, those of the Bunyaviridae are thought not to be
extensively polyadenylated as they were reported not to bind oligo(dT) cellulose (Cash
et al., 1979; Pattnaik & Abraham, 1983; Pattersson et al., 1985).

Jin & Elliott (1993a) characterised the sequences of nontemplated primers present on
the 5 termini of BUN S mRNAs generated in infected cells. Of interest was the
discovery of a preference for the triplet ‘AGU’ or ‘GGU’ at the extreme 3’ end of the
primer, with a greater preference for the third position than the second, and for the
second position than the first. Hence, the sequence from position -3 relative to the
template RNA read:

‘5’-...AGU AGU AGU...3

with the 3' three nucleotides of the primer underlined. The authors proposed that the
triplet was added by L as it was absent on the corresponding host donor mRNAs.
Interestingly both AGU and GGU are able to base-pair with the UCA triplet at the 3'
terminus of genome RNA during priming for mMRNA synthesis initiation.

Similar preferences exist for other viruses. For instance, influenza mRNAs, which start
with the sequence AGCA, prefer primers ending in CA or GCA (Lamb et al., 1981;
Shaw & Lamb, 1994). Phlebovirus transcripts starting with ACAC prefer primers ending
in AC (Simons & Pettersson, 1991); Nairovirus mRNAs starting with UCUC prefer UC
(Jin & Elliott, 1993b). The incorporation of bases mirroring those at the 5’ terminus of
transcripts was therefore found to be common among the Bunyaviridae and was similar
to mechanisms utilised by influenza virus for transcript initiation.
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1.1.8.4. The ‘prime-and-realign’ hypothesis

An explanation for the presence of the repeated motif discussed above is a mechanism
in which L slips backward on the template shortly after initiation, and the first two or
three bases are repeated (Jin & Elliott, 1993b). This ‘prime-and-realign’ model for
primed transcription was also suggested for hantaviruses (Garcin et al., 1995). In
hantavirus genomic segments the 3' terminal sequence is AUC AUC AUC, but
transcription primers were found with a strong preference only for G at the 3’ end.
Hence, transcription was proposed to be primed by annealing the priming G to the C at
+3 on the template, elongating a few bases and then realigning the chain back four
bases such that the priming G was relocated to position —1 relative to the template
(Fig.1.6a). The newly-synthesised UAG sequence then anneals to the terminal AUC
sequence on the template and transcription elongation commences. Support for a
prime-and-realign model for transcription initiation in BUN was provided by Dunn (2000)
using the BUN reverse genetic system, in which the deletion of the 3' terminal
nucleotide of the BUN S segment was tolerated by L. It was proposed that, if L primed
the transcript and then realigned the primer, the deletion would not interfere with

transcription initiation as observed.

1.1.8.5. Transcription termination

Treatment of LAC-infected cells with the protein synthesis inhibitors cycloheximide or
puromycin resulted in a greatly reduced production of mRNA transcripts. When studied
in vitro, the S mRNA transcripts synthesised by L under these conditions were found to
have terminated prematurely, resulting only in aberrantly short transcripts (Raju &
Kolakofsky, 1986). This effect could be reversed by addition of reticulocyte lysate. The
authors therefore proposed that transcription was dependent on translation of LAC S
mRNA. As a recombinant BUN virus lacking the NSs protein has been successfully
generated recently (Bridgen et al., 2001), it would appear that ongoing synthesis of the
NSs protein of bunyaviruses is not essential for transcription, thereby implicating the N
protein. However, no translation dependency was observed for either GER bunyavirus
or Punta Toro phlebovirus transcription (lhara et al., 1985; Gerbaud et al., 1987). The
dependency may therefore actually be for host cellular factors. Aberrant transcripts
detected both in vitro and in vivo were found to terminate at nucleotide 175 (Raju &
Kolakofsky, 1986 & 1987a). This region displays homology to a region in proximity to
the authentic termination sequence at nucleotide 886 (Bellocq et al., 1987). Disruption
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Adapted from Garcin et al. (1995).
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of putative secondary structure at the aberrant termination site resulted in read-through,
whereas the formation of stronger hydrogen bonds increased aberrant transcription
termination. In the light of these results the authors propose that secondary structure
forms in the nascent RNA chain in the absence of translation and results in premature
termination (Bellocq & Kolakofsky, 1987).

Supporting the theory that secondary structure is important in transcription termination
is the proposal that the termination of mMRNA species from ambisense segments in
phleboviruses and topsoviruses involves the formation of a hairpin structure in the
intercistronic region (Emery & Bishop, 1987; de Haan et al.,, 1990), similar to the
intergenic region (IGR) that is thought to provide regulatory signals in the similarly
ambisense arenaviruses (reviewed in Bishop & Auperin, 1987). Transcription
termination signals in bunyavirus S segments have been predicted to be U-rich or GU-
rich sequences such as 3'-(G/C)UUUUU-5 (LAC and SSH), 3'-UUGGGUGUUUU-5'
(BUN) and 3'-GUUUGU-5' (GER; Patterson & Kolakofsky, 1984; Eshita et al., 1985;
Bouloy et al., 1990; Jin & Elliott, 1992). Some members of he Bunyaviridae may
therefore possess a transcription termination mechanism analogous to that of influenza,
in which uridines are thought to disrupt the stability of the polymerase complex on the
template RNA (Seong & Brownlee, 1992). In addition, secondary structure in the
nascent transcript in BUN transcription may further destabilise L (Kolakofsky & Hacker,
1991). Alternatively, there is evidence that a conserved 3'-CCCACCC-5" sequence
signals transcription termination by inducing endonuclease activity in L. This sequence
was identified as the termination signal of hantavirus S mRNA and is present to the 3’
end of the GU-rich sequences identified in bunyaviruses (Hutchinson et al., 1996;
Kolakofsky & Hacker, 1991).

1.1.9. Replication

Replication involves transcription of full-length genome and antigenome RNA which is
primer-independent; hence, it requires a switch in the mode of operation of L. This also
results in suppression of the transcription termination signals. The switch from mRNA
transcription to replicative transcription is unknown but may involve the N protein
binding L and changing its replicative mode. Similar to mRNA synthesis, replication of
the SSH genome was found to be inhibited by translational inhibitors, demonstrating a

requirement for ongoing protein synthesis (Vezza et al., 1979; Eshita et al., 1985). In
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some other NSVs replication requires a pool of soluble nucleoprotein (detailed in
section 1.2.3.). A similar mechanism, in which N encapsidates transcription primers or
interacts directly with L and/or the promoter sequence to inhibit mRNA synthesis and
promote replication, may exist for the Bunyaviridae (Bishop, 1996). This might also
constitute the anti-termination mechanism.

In hantaviruses and possibly also nairoviruses the ‘prime-and-realign’ model
constructed for the initiation of mMRNA synthesis has also been proposed to be
applicable to genome replication (Garcin et al., 1995). It has not been proposed for the
other genera. The difference in the model for replication initiation in hantaviruses is that
priming is performed by a single, uncapped pppG (Fig.1.6b). This is annealed at
position +3 and subsequently realigned at —1 before being cleaved to yield the pU at
position +1 that is observed on the &' end of authentic antigenome sequences. As
initiation with a U has not previously been documented for any viral polymerase and
would result in a triphosphorylated U at +1, the presence of the terminal
monophosphorylated U implies that priming, realigning and a cleavage event may

occur.

1.1 .'10. Transport, assembly and packaging

As mentioned previously, some hantaviruses and phleboviruses are thought to bud
from the plasma membrane, and tospoviruses from the ER (section 1.1.4.), whereas
generally the Bunyaviridae bud through the Golgi membranes. When analysed by
immunofluorescence, glycoproteins and nucleocapsids of UUK were observed to
accumulate within the Golgi, with the nucleocapsids localising below the Golgi
membrane (Kuismanen et al., 1984). The glycoproteins are thought to heterodimerise in
the ER, so are present in the Golgi as dimers (Pettersson & Melin, 1996). The
mechanism of Golgi localisation of the glycoproteins is apparently due to a Golgi
retention signal present on at least one of the glycoproteins, the other being retained in
the Golgi complex by their association. The property of Golgi retention is presumably
due to an interaction of the cytoplasmic tail with the Golgi cytoskeleton, the formation of
a lattice by the C-terminal tails in the Golgi lumen, or the recycling process in which the
viral glycoproteins are transported to and from the plasma membrane (Pettersson &
Melin, 1996). The mechanism of transport of the nucleocapsids to the Golgi is unknown.
The absence of a matrix protein to provide an association between the glycoproteins

and the nucleocapsids in the Bunyaviridae means that packaging of nucleocapsids
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must occur through another method. One possibility is that nucleocapsids bind the
cytoplasmic tail of one of the glycoproteins (Pettersson & Melin, 1996). However,
preliminary experiments to attempt to identify an association between the cytoplasmic
tail of G2 and the N protein of BUN using a mammalian two-hybrid system did not
demonstrate an interaction (S Jacobs, personal communication). The mechanism of
packaging the three segments into the virion is also unknown. However, there is
evidence that it might be a random event as the three segments are rarely purified from
virions in equimolar ratios. The S segment often predominates, perhaps relating to the
fact that the S segment is the most abundant segment in the infected cell (Bouloy et al.,
1973/74; Obijeski et al., 1976; Gentsch et al., 1977; Bishop & Shope, 1979). In fact, it is
thought that bunyaviruses are actually diploid for the S segment (Iroegbu & Pringle,
1981; Rozhon et al., 1981; Urquidi & Bishop, 1992). LAC, UUK and TSWV viruses were
all found to contain cRNA segments (antigenome; Raju & Kolakofsky, 1989; Simons et
al., 1990; Kormelink et al., 1992a;). Interestingly, the cRNA segments that were found
to be packaged in UUK and TSWV were exclusively ambisense segments, i.e. UUK S
cRNA and TSWV M and S cRNAs. Hence, the signal for packaging of the segments
into the virion has been proposed to be linked to the promoter region of each segment,
which in ambisense segments is present in both VRNA and cRNA. The mechanism
responsible for the presence of LAC cRNA in virions is unknown but the phenomenon
has been reported only for virions produced by insect cells (Raju & Kolakofsky, 1989).

1.1.11. Defective-interfering (DI) RNAs

DI RNAs are generated when deletion or rearrangement takes place during replication
of a viral genome (Perrault, 1981). The resulting particles have a replicative advantage
over the wild-type genomes due to their reduced size. DI RNAs have been detected in
cells infected with bunyaviruses and tospoviruses, and in every case they were found to
originate from the L segment (Kascask & Lyons, 1978; Resende et al., 1991; Patel &
Elliott, 1992; Scallan & Elliott, 1992; Inoue-Nagata et al., 1998). In bunyaviruses the DI
particles have been found to be associated with persistent infection (Patel & Elliott,
1992; Scallan & Elliott, 1992) and in tospoviruses they are thought to be responsible for
symptom attenuation (Inoue-Nagata et al.,, 1992; Resende et al., 1991 & 1992). All
bunyavirus and tospovirus DI RNAs characterised have intact 5 and 3’ terminal
sequences which was to be expected as these harbour the cis-acting sequences

required for replication. Tospovirus DI RNAs showed a preference for the maintenance
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of the reading frame and truncated L proteins could be detected in virions (Inoue-
Nagata et al., 1998), whereas in the case of BUN they could not (Patel & Elliott, 1992).
Inoue-Nagata (1998) suggested that in tospoviruses the majority of DI RNAs were
generated by nonhomologous recombination events and that local secondary structure
is important for junction sites, acting by stalling the polymerase and causing it to switch
templates. Resende et al. (1992) reported that the deleted regions of the L segment
were flanked by short sequence repeats, presumably having a similar effect on the
polymerase or causing it to jump on the template.

1.1.12. Effects on the host cell

Bunyavirus infection results in morphological changes in the host cell, with proliferation
of the Golgi vesicles and similar, less marked effects on the endoplasmic reticulum
(Murphy et al., 1973). Despite extensive vacuolisation thought to be due to the viral
glycoproteins, the Golgi complex retains its functional integrity. In addition to causing
cytopathic infection, bunyaviruses and phleboviruses also produce a persistent, self-
limiting infection in mosquitoes and hantaviruses cause a similar persistent infection in
rodents, i.e., the reservoir host in each case, although replication can still take place
(Calisher, 1991).

1.1.12.1. Persistent infection

Initial non-cytopathic infection of the cell involves an acute phase during which viral
RNAs accumulate rapidly in the infected cell. The persistent phase is reached when the
viral RNA levels subsequently decline. DI RNAs have been reported to be associated
with persistence in BUN-infected mosquito cells (Patel & Elliott, 1992; Scallen & Elliott,
1992). In LAC-infected cells, however, no DI RNAs could be detected and the process
was suggested to be due to a gradual structural change in the ends of nucleocapsids
which resulted in a decrease in the rate of mMRNA synthesis (Rossier et al., 1988; Raju
& Kolakofsky, 1989), as well as translational control mediated by N encapsidating its
mRNA (Hacker et al., 1989). In another theory, Meyer & Schmaljohn (2000) suggested
that replication-incompetent, 3’-truncated segments found to accumulate on persistent
infection by Seoul hantavirus are responsible for the self-limiting nature of infection.
They proposed that the truncations are attributable to the endonuclease activity of L,

and that some cleaved terminal fragments are used to prime transcription, thus
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repairing the damaged RNAs and causing the variations in viral RNA synthesis
observed in persistently-infected rodent cells.

1.1.12.2. Host cell shut-off

Cytopathic infection by bunyaviruses and phleboviruses results in shut-off of host
protein synthesis, although production of virus is ongoing. For instance, BUN infection
of BSC-1 cells resulted in almost total shut-off of host protein synthesis within 7h post-
infection, whereas viral protein synthesis was detected up to 22h post-infection
(Pennington et al., 1977). Raju & Kolakofsky (1988) reported that infection of rodent
cells with LAC resulted in the loss of cellular mRNAs due to the induction of mRNA
instability. They proposed that the instability was the result of L cleaving the cap from
cellular mRNAs. Bridgen et al. (2001) determined that BUN NSs contributes extensively
to the process of host cell shut-off as a virus lacking NSs (BUNdelINSs) caused only a
relatively small reduction in host cell synthesis. The role of NSs in shut-off is currently
unknown but is unlikely to be related to its role as an interferon antagonist as Raju &
Kolakofsky (1988) found no evidence of the involvement of an interferon-induced

pathway.

1.1.13. Evolution
Members of the Bunyaviridae undergo a high rate of evolution. This can be explained
by the following mechanisms:

¢ Genetic shift caused by segment reassortment, requiring superinfection of a cell
by two different viruses. Reassortment is considered to extensively enhance the
potential for evolution in the Bunyaviridae by allowing a rapid alteration in adaptation,
host range and virulence. It can be demonstrated in the laboratory, in which it has been
used to elucidate coding assignments and biological roles of viral gene products, and
detected in nature. As an example of the latter, separate assays for M and S segment
gene products in six bunyaviruses yielded segregation of the viruses into two separate
sets of three different groups, depending on the segment assayed (Casals & Whitman,
1961; Shope & Causey, 1962). This was considered evidence of reassortment between
viruses. The generation of reassortants in the laboratory by superinfection with different
viruses led to the determination that reassortment is facilitated when viruses are more
closely related (reviewed in Pringle, 1996). In addition, heterologous reassortment
(between viruses in different serogroups) could not be demonstrated despite extensive
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crosses between viruses. This has also been observed in other NSVs (Pringle, 1996).
In addition to generating reassortant viruses using superinfection, reassortant virus
containing the L and M segments of BUN and the S segment of MAG was rescued
entirely from cDNAs by Bridgen and Elliott (1996).

e Genetic drift. This is caused by insertions, deletions, and inversions, as well as a
high spontaneous point mutation rate due to the lack of a proof-reading function in the
viral polymerase. Recombination is also thought to play a role and may be a
mechanism for some types of drift. Similarly to reassortment, recombination requires
superinfection of a cell with two related viruses. In RNA viruses recombination is
attributable to template switching by the viral polymerase (also called ‘copy-choice’) and
is hence fundamentally different to the breakage and rejoining mechanism performed
by enzymes in DNA recombination (Worobey & Holmes, 1999). Recombination is
thought to be a tool for repairing damaged viral genomes and increasing pathogenicity.
However, the rate of recombination in NSVs is hampered by the tight association of the
RNA with the nucleoprotein, restricting the ability of the polymerase to switch templates
(Worobey & Holmes, 1999). It has been described in the hantavirus Tula, in which virus
homologous recombination was observed in the S segment (Sibold et al., 1999), and
has been suggested to be responsible for the generation of tospovirus DI RNAs
(Resende et al., 1992; Inoue-Nagata et al., 1998; see section 1.1.11.).

1.1.14. Reverse genetics

Reverse genetic systems are useful tools for elucidating the roles of viral proteins in
transcription and replication, and identifying the cis-acting signals that regulate these
processes (Garcia-Sastre & Palese, 1993). The system involves the reconstitution of an
active nucleocapsid in vivo from its recombinant constituents. Dunn et al. (1995)
developed a reverse genetic system for BUN, involving the encapsidation of a
recombinant, negative-sense RNA template containing a negative-sense
chloramphenical acetyltransferase (CAT) gene by recombinant N protein in cells, and
transcription of the template by the viral polymerase. The RNA template is transcribed
from the plasmid pBUNSCAT. The negative-sense CAT gene is flanked by the 5" and 3’
UTRs of the negative-sense BUN S segment, thought at the time of the development of
the system to include all cis-acting signals necessary for transcription. The viral proteins
are encoded by plasmids transfected into the cells along with the BUNSCAT RNA. They
are under the control of a T7 promoter, and T7 polymerase provided by infection with a
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recombinant vaccinia virus (Fuerst et al., 1986) or establishment of a cell-line carrying a
Sindbis virus-derived replicon (Agapov et al., 1998), both expressing T7 polymerase.
Once the RNA is encapsidated by N it serves as a transcription template for L, which
has been shown both to transcribe the RNA to generate mRNA and to replicate the
template using a positive-sense intermediate. Transcription results in a functional
mRNA containing a positive-sense CAT transcript, which is then translated to yield the
CAT protein, detected by its ability to acetylate chloramphenicol in the presence of
acetyl Co-A. The BUN reverse genetic system has been utilised to investigate protein
function and signals within the 5’ and 3’ UTRs necessary for transcription.

1.1.15. Virus rescue

An infectious clone of BUN was rescued from cloned cDNAs by Bridgen and Elliott
(1996). This was the first time that a segmented NSV had been rescued entirely from
cDNAs and BUN remains the only member of the Bunyaviridae that has been rescued.
Virus rescue involves the assembly of an active, infectious virion from recombinant
components in vivo and, as such, is an extension of the reverse genetic system in that it
allows the functions of viral components to be studied by reconstituting a functional
system. Rescue of BUN entirely from cDNAs initially involved the expression of all viral
proteins under the control of modified T7 promoters and transcription of all three viral
segment RNAs with ribozyme sequences, also under the control of modified T7
promoters. T7 polymerase was provided by recombinant vaccinia virus. Hence, the
procedure involved the transfection of six plasmids into a single cell and the subsequent
correct expression, processing and assembly of viral components into an infectious
virion. Bridgen et al. (2001) have subsequently rescued BUN lacking the NSs protein.
The phenotype of this virus is described in section 1.1.6.2.
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1.2. The role of the nucleoprotein in encapsidation and replication in RNA viruses

Encapsidation or coating of the viral genome is thought to have many roles including
protection of the genome, preventing secondary structure and forming a
transcriptionally active complex with genomes belonging to NSVs. It is increasingly
apparent that the nucleoproteins of NSVs play a central role in the infectious cycle,
including their implication in the switch from mRNA synthesis to replication.

1.2.1. Encapsidation in HIV-1 (Retroviridae)

The retrovirus HIV-1 possesses a genome comprising two positive-sense RNA
molecules. On infection these are reverse-transcribed into double-stranded DNA that is
then integrated into the host genome. The 55-amino acid, multi-functional nucleocapsid
protein NCp7 is a proteolytic product of the polyprotein Gag. Its various functions
include participation in the annealing of tRNA to the genome to prime reverse
transcription, dimerisation of genomic RNA, encapsidation of the viral genome (all
reviewed in Darlix et al., 1995) and regulation of the reverse transcriptase (Berat et al.,
1993). Encapsidation involves both modestly specific binding to an encapsidation signal
and nonspecific binding to the rest of the genome. NCp7 contains two CCHC-type zinc

finger motifs with the general structure:

Cys-X,-Cys-X4-His-X4-Cys

where X is any amino acid (Henderson et al., 1990; Fig.1.7a). These were found to
participate in binding to the encapsidation signal, which consists of four stem-loops,
SL1-4, and is designated the psi-sequence (Fig.1.7b). Whilst all stem-loops have been
implicated in binding, SL3 is sufficient to direct the packaging of heterogeneous
sequences into virus-like particles (Hayashi et al., 1992). Binding of NCp7 to SL3 has
been investigated using nuclear magnetic resonance spectroscopy (de Guzman et al.,
1998). A sequence to the amino-terminal side of the zinc fingers forms a helix which lies
along the major groove of the A-helix formed by the stem of SL3 (Fig.1.7). Contacts are
made non-specifically with the phosphate backbone of the stem in the positions shown
in boxes. In addition, three of the four bases that form the loop of SL3 are bound
specifically by hydrophobic pockets formed by residues in both zinc fingers, and a basic
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Fig.1.7. Encapsidation by HIV-1 NCp7. NCp7 sequences involved in binding
the SL3 RNA domain consist of two zinc finger motifs, F1 and F2, and an
amino-terminal tail that forms a helix (a). The psi sequence recognised by
NCp7 consists of four stem-loops (b). Binding of SL3 by NCp7 has been
elucidated and involves the amino-terminal tail binding the major groove of
the helix formed by the stem of SL3. Important residues are shown as hollow
letters. Interactions are made with the phosphate groups of the bases that
are boxed. The A and second and third Gs (boxed) in the loop are bound by
both zinc fingers and residue R32. Adapted from de Guzman et al. (1998).
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residue in the sequence between them. Interestingly, the Asn residue in the amino-

terminal helix is also capable of specific interaction with bases in the stem-loop.

1.2.2. Encapsidation in positive-strand viruses

1.2.2.1. Introduction and general features

The major difference between positive and negative-strand viruses is that negative-
strand viruses must transcribe mMRNA using their genome as a template for synthesis,
whereas in the case of most positive-strand viruses the genome itself is utilised as the
mRNA on infection. This has the result that most positive-strand virus genomes are
themselves infectious. Genomes are tightly encapsidated by a coat or core protein. The
encapsidation initiation signals for some positive-strand viruses are generally more
extensively studied and the encapsidation mechanism better understood than for any
NSV.

In positive-strand viruses a common feature of the coat or core protein is a high
proportion of lysine and arginine residues, resulting in a high positive charge (Khromykh
& Westaway, 1996). Both sequence specific and non-specific binding have been
reported for a number of proteins, for instance in turnip crinkle virus, in which specific
and non-specific binding have been suggested to occur at separate, distinct sites on the
coat protein (Wei & Morris, 1991).

Sequence-specific or preferential binding can involve the 3' UTR, for instance in the
plant viruses brome mosaic virus (Duggal & Hall, 1993), alfalfa mosaic virus (Reusken
et al., 1994) and turnip crinkle virus (Wei & Morris, 1991), and the coronavirus infectious
bronchitis virus (Zhou et al., 1996). In the flavivirus Kunjin the terminal sequences were
bound specifically (Khromykh & Westaway, 1996). Binding to leader RNA located at the
5 terminus of genomic and subgenomic RNA has been reported for another
coronavirus, mouse hepatitis virus (Stohiman et al., 1988), and selective binding to an
internal site was reported for southern bean mosaic virus (Hacker, 1995). It is notable
that in tobacco mosaic virus, alfalfa mosaic virus, mouse hepatitis virus, infectious
bronchitis virus, turnip crinkle virus and southern bean mosaic virus, the binding was
proposed to be attributed to secondary structure in the RNA, particularly stem loops
(Stohlman et al., 1988; Wei & Morris, 1991; Reusken et al., 1994; Hacker et al., 1995;
Zhou et al., 1996; Butler, 1999; Wang & Simon, 2000). In infectious bronchitis virus
stem-loop structures were found to increase binding specificity (Zhou et al., 1996).
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1.2.2.2. Tobacco mosaic virus

One of the best-understood encapsidation mechanisms in positive-strand RNA viruses
is that of the rod-shaped tobacco mosaic virus (TMV; reviewed in Butler, 1999). The
encapsidation signal is called the origin of assembly sequence (OAS) and consists of a
stem-loop structure with a guanine in every third position for 18nt, located 0.9kb from
the 3’ terminus. It interacts with coat protein present in a disc structure, with
approximately 17 monomers per disc (Fig.1.8). The OAS is inserted into the central
hole of the disk where it is bound specifically. The stem of the OAS then melts to allow
the interaction of the rest of the genome with the coat protein. The interaction causes
the coat protein to dislocate into a ‘locked washer’, proto-helical conformation. During
this event the two rings that make up each disc condense and seize the genomic RNA
between them. As more proteins are recruited to the helix the coat protein assembles
around the RNA, which becomes trapped within the growing helix. Assembly is then bi-
directional. Elongation of nucleation in the §' direction involves the RNA being
encapsidated as a ‘travelling loop’ structure and the addition of complete disc structures
onto the helix. The 3’ end of the genome is packaged more slowly as the the RNA must
be drawn through the hole in the centre of the helix, and does not involve the addition of
discs. Bacteriophage R17 packaging takes place in essentially the same way (reviewed
in Witherell et al., 1991).

1.2.3. Replication and encapsidation in negative-strand viruses

1.2.3.1. Introduction

Similarly to members of the Bunyaviridae, all other NSVs also perform transcription by
synthesising unencapsidated mRNA from the encapsidated negative-sense genome
RNA, and replicate their genome using an encapsidated positive-sense antigenome as
a replicative intermediate. NSVs possess conserved, complementary terminal
sequences within which the cis-regulatory signals for transcription reside.
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Fig.1.8. Assembly of tobacco mosaic virus particles. From Cann (1997). The
origin of assembly sequence (OAS) consists of a stem-loop that is inserted
into the hole in the centre of a coat protein disc. Binding of the RNA in the
groove between protein rings results in a conformational change in the disc,
which takes on a locked washer structure and traps the RNA. Coat protein i
then added to the structure bidirectionally, with discs being added on
elongation in the 5’ direction and monomers added in the 3’ direction.
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1.2.3.2. Nonsegmented NSVs: Rhabdoviridae

1.2.3.2.1. VSV transcription

Viruses in the Rhabdoviridae family possess two species of leader RNA,
complementary to the 3’ end of the genomic or antigenomic RNAs. During transcription
to make mRNA, vesicular stomatitis virus (VSV) polymerase transcribes the 47nt leader
RNA from the 3’ end of the genome. The separate mRNAs are then transcribed in the
order that they appear in the genome by the polymerase (L) terminating and re-initiating
transcription. The polymerase complex possesses methyltransferase activity (Horikami
& Moyer, 1982; Horikami et al., 1984; Hercyk et al., 1988) and is thought to mediate the
capping of viral mMRNA, which can only occur in cis (Rose, 1975; Moyer & Banerjee,
1976; Hercyk et al., 1988;). In fact, the process might be attributable to the GTP/GDP
binding ability of the polymerase-associated cellular translation elongation factor, EF-1
(Das et al., 1998). Theories involving the process of capping in VSV suggest that
capping occurs following de novo transcript initiation (Chanda & Banerjee, 1981), or
that a polymerase-mediated cleavage event occurs prior to capping and initiation of
transcription (Shuman, 1997). The capping/methylation events were found to be
separable from initiation and it was proposed that L undergoes abortive transcription if a
transcript is not modified properly (Stillman & Whitt, 1999).

1.2.3.2.2. VSV replication

VSV replication requires a pool of soluble N protein, leading to the proposal that N is
involved in the switch from transcription to replication and which might be attributable to
the binding of N to the nascent RNA chain (Wertz et al., 1987). Replication was found to
require an association of L with an N-P complex, whereas transcription does not require
the N protein but is dependent on the L protein complexing with two or three monomers
of P (Das et al., 1997).

1.2.3.2.3. VSV encapsidation

The helical VSV nucleocapsid is fully resistant to digestion with ribonuclease. The 49kD
VSV N protein is capable of assembling into nucleocapsid-like structures when
expressed alone (Sprague et al., 1983). N possesses a 10-fold higher affinity for
positive-sense leader RNA, which is thought to contain the encapsidation signal, than

for a non-specific sequence (Blumberg et al., 1983). N was originally thought to initiate
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encapsidation within the first 14-17nt of the nascent positive-sense leader RNA
(Blumberg et al., 1983; Giorgi et al., 1983; Moyer et al., 1991; Smallwood & Moyer,
1993). This region of the leader RNA possesses an adenine at every third position,
which may be important in the binding of N to the encapsidation initiation signal (Nichol
& Holland, 1987), thus:

5'-ACGAANACNANNAAA-3'

where N differs between VSV isolates. This region is predicted to be unstructured which
is proposed to aid recognition by N. However, Moyer et al. (1991) suggested that
encapsidation is initiated at nucleotides 14-16 of VSV leader RNA and that
encapsidation then progresses bidirectionally. Both encapsidation and replication were
found to require the C-terminal 5 amino acids of VSV N (Das et al., 1999). In VSV-
infected cells it was proposed that P provides N with sequence-specific RNA binding
properties (as opposed to sequence-selective binding) and keeps it in a replication-
competent state (Masters & Banerjee, 1988; Howard & Wertz, 1989; La Ferla et al.,
1989; Takacs et al,, 1993). VSV P protein was also suggested to act as a transient
binding site for N by mimicking the RNA template, thereby allowing N to be transiently
removed from the template during transcription to allow the viral polymerase access to
the bases (Hudson et al., 1986).

1.2.3.2.4. Rabies virus encapsidation

Rabies virus N protein was found to bind specifically to an encapsidation signal within
nucleotides 20 to 30 of the leader RNA sequence (Yang et al., 1998). Similarly to VSV,
affinity for the leader RNA was found to be five to ten-fold higher than that for non-
specific RNA, and it was suggested that adenine-rich sequences are important for

encapsidation, the proposed encapsidation sequence being:
5'-AAGAAAAAACA-3
This is also predicted to be unstructured. Rabies virus P protein was found to increase

the specificity of N for the leader sequence by preventing the interaction of N with non-
leader RNA (Yang et al., 1998).
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Again, rabies virus N was implicated in the switch from transcription to replication,
preventing its use in initiating transcription (Wunner, 1991). This was proposed to be
through its encapsidation of leader RNA. Indeed, following synthetic dephosphorylation
of rabies virus N or expression of unphosphorylated N its affinity for the leader RNA
was found to increase, and a decrease in the rates of transcription and, to a lesser
extent, replication was observed (Yang et al.,, 1999). Hence, N appears to regulate
transcription and replication by modulation of leader RNA encapsidation. The reason for
the decrease in replication was not immediately apparent but has been suggested to be
due to unphosphorylated N affecting the interacting the interaction of L with the
template RNA.

Recently, a low-resolution 3D reconstruction of recombinant rabies virus N-RNA
complexes was generated by averaging electron micrographs of the complexes
(Schoehn et al., 2001). Similarly to images of reconstituted influenza virus complexes,
rabies N could be seen to assemble into ring structures on short RNAs, with 9 to 11
monomers present in each ring (Fig.1.9, a-d). N was found to assemble into helical
structures on binding longer RNAs, resembling those visualised in infected cells.
Importantly, the 3D reconstruction of complexes led to an understanding of the structure
of N and how it multimerises. N appears to be present as a bi-lobed structure similar in
shape to a kidney. As expected, each monomer has at least two sites of contact with
each neighbouring monomer, situated either side of the top and bottom of each lobe.
There is no contact between adjacent central regions of monomers. The location of the
RNA on the structure could not be distinguished but when the positions of P proteins on
the structure and the size of the perimeter of the ring structures was taken into
consideration, the authors proposed that the RNA is present at the top of the rings. A
significant difference was observed between the structure of N-RNA complexes in
infected cells and virions, also observed in VSV (Nakai & Howatson, 1968; Newcomb et
al., 1982). This is explained by the ring structure, with approximately ten monomers per
turn, converting in the presence of longer RNA into a loose helical structure with 15
monomers per turn observed in infected cells (Fig.1.9, e & f). On packaging into virions
the helix is condensed into a tighter structure with approximately 54 monomers per turn.
This requires an 18 degree difference in the angle of N which then places the RNA on
the inside of the intra-virion nucleocapsid. The model is consistent with a model for VSV
packaging (Nakai & Howatson, 1968). In VSV the process of condensation is thought to
be attributable to the matrix protein (Newcomb & Brown, 1981).
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Fig.1.9. Models of rabies virus N-RNA complexes. 3D reconstructions of N-RNA

rings are shown from the side (a), tilted (b), from underneath (c), and from
above (d). The bi-lobed structure of N is visible, with each N monomer having
two binding sites for each neighbouring monomer. The model for the structure
of the nucleocapsid is shown in (d), and at an angle in (e). The 240A-diameter
structure of free nucleocapsids is depicted adjacent to the 160A-diameter N-
RNA ring structure and the 750A-diameter structure of nucleocapsids as they

are thought to exist in virions. From Schoehn et al. (2001).
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1.2.3.3. Nonsegmented NSVs: Paramyxoviridae

1.2.3.3.1. Transcription in Paramyxoviridae

NP has been implicated in the switch from transcription to replication in both Sendai
virus (SeV) and measles virus; in the latter case, measles virus N protein was
demonstrated to bind the viral polymerase and thereby regulate replication and
nucleocapsid assembly (Bankamp et al., 1996). SeV replication requires a pool of NP
bound to P but not to RNA (Horikami et al., 1992). P is thereby thought to act as a
chaperone to prevent NP multimerising until it is bound to RNA, at which point P
dissociates from NP (Curran et al., 1995). It has been proposed that P mimics the RNA
template in order to transiently remove NP from it, reflecting the function proposed for
VSV P (Myers & Moyer, 1997).

1.2.3.3.2. Encapsidation in Paramyxoviridae

Similarly to VSV nucleocapsids, those of SeV are resistant to digestion by ribonuclease.
The 58kD SeV NP protein can assemble into nucleocapsid-like structures when
expressed alone (Buchholz et al., 1993 & 1994). The same property was observed in
measles virus N protein in both insect and mammalian cells (Spehner et al., 1991;
Fooks et al., 1993). The model of encapsidation in SeV concerns sequence-specific
binding of NP to the 54nt leader RNA followed by co-operative assembly of NP on the
growing RNA chain via non-specific interactions with the RNA (Lamb & Kolakofsky,
1996).

1.2.3.4. Segmented NSVs: Influenza virus

1.2.3.4.1. Influenza virus NP-RNA interactions

Influenza virus contains eight segments of negative-sense RNA. The nucleoprotein
(NP) is expressed as both a 56kD and a lower-molecular weight form in infected cells
(Becht & Weiss, 1991; Zhirnov & Bukrinskaya, 1984). NP is associated with infected
cell membranes, exposed at the cell surface and secreted (Yewdell et al., 1981; Cook
et al., 1988; Stitz et al., 1990; Prokudina & Semenova, 1991). It has also been found to
associate with actin to retain influenza virus nucleocapsids in the cytoplasm (Digard et
al., 1999).

29



Introduction

Influenza virus NP demonstrates a single-stranded RNA-binding property that appears
to have no sequence-specificity (Scholtissek & Becht, 1971; Kingsbury et al., 1987;
Yamanaka et al., 1990; Baudin et al., 1994); increased affinity observed for the 5’ end
of segment RNA was considered ‘hardly significant’ (Baudin et al., 1994). Influenza
virus nucleocapsids are totally susceptible to digestion by ribonucleases, in contrast to
VSV nucleocapsids, suggesting that the RNA is located on the outside of the NP
(Duesberg, 1969; Pons et al., 1969; Baudin et al., 1994). NP was reported to bind viral
RNA co-operatively with a dissociation constant of 2x10®M (Yamanaka et al., 1990;
Baudin et al., 1994; Digard et al., 1999) and was originally found to bind to a limited
degree through a site in its N-terminus (Kobayashi et al., 1994; Albo et al., 1995).
Subsequently RNA-binding sites were discovered throughout the protein, leading to the
suggestion that high-affinity binding requires the interaction of multiple regions of the
protein (Elton et al., 1999b). The multiple contacts made between NP and RNA were
proposed to drive the conformational change that NP was observed to undergo on
binding RNA. Influenza virus NP possesses a large number of basic residues divided
over the primary structure without clustering. The positive charges of lysine and
arginine are thought to make electrostatic contacts with the phosphate-sugar backbone
of the RNA molecule, with the phosphate groups protected in a general manner without
definite footprints (Baudin et al., 1994). Elton et al. (1999b) suggested that planar
interactions between aromatic side chains and the bases also occurs. It is interesting to
note that the degree of binding of NP to viral RNA increased with the length of the
template; an RNA of length 12nt was not bound at all, whereas 100% of a 17nt RNA
was bound (Yamanaka et al., 1990).

1.2.3.4.2. Influenza virus NP-NP interactions

NP was found to form oligomers in vitro (Ruigrok & Baudin, 1995) and dimeric and
trimeric forms have been detected in infected cells (Prokudina-Kantorovich &
Semenova, 1996). The oligomers observed in infected cells were determined to be
sensitive to boiling and took approximately 10min to form (Prokudina-Kantorovich &
Semenova, 1996). In-vitro translated NP was demonstrated to interact with immobilised
NP-fusion proteins in an assay that allowed the removal of contaminating nucleic acids
(Elton et al., 1999a). NP could self-associate in the absence of RNA implying that RNA
is not required for the interaction. The dissociation constant was calculated as

approximately 2x107M, characterising the interaction as approximately 10-fold weaker
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than the interaction between NP and RNA, and leading the authors to suggest that NP
binds RNA prior to oligomerising. The interaction took place in the centre and C-
terminal regions of the protein, although interestingly the C-terminal 23 residues
inhibited oligomerisation. Removal of this region resulted in an increase in self-
association but a decrease in transcription in vivo, and removal of the C-terminus
increased binding to the viral polymerase protein PB2. Hence it would appear to act as
a general regulatory element (Biswas et al,, 1998; Elton et al., 1999a). Theories to
explain the function of the C-terminal domain include its involvement in obscuring
interacting regions, changing the protein’s conformation or sequestering cellular factors
(Biswas et al., 1998). Oligomerisation of NP was found to have the effect of increasing
its hydrophobicity, which was proposed to be responsible for its ability to associate with
cell membranes (Prokudina-Kantorovich & Semenova, 1996).

1.2.3.4.3. Influenza virus nucleocapsid structure

The nucleocapsid adopts a double helical structure that persists when RNA is removed
and is thus thought to be attributable to NP, as NP self-assembles into coiled structures
analogous to nucleocapsid structures (Pons et al., 1969; Ruigrok & Baudin, 1995).
Ortega et al. (2000) studied reconstituted influenza virus nucleocapsids by electron
microscopy and image processing. They obtained an image of circular or elliptic toroidal
structures believed to be NP-RNA complexes, and resolved the polymerase complex on
the outside of the structure (Fig.1.10). The structures apparently appeared as circles
only because relatively short RNAs were used; longer RNAs would presumably have
yielded helical structures. Typically ten to twelve NP monomers could be observed in
each ring. However, the highest replication efficiency was obtained with even numbers
of NP monomers, leading them to propose that NP is incorporated as a dimer.
Supporting the theory was the detection of NP dimers in influenza virus-infected cells
(Prokudina-Kantorovich & Semenova, 1996). This is in contrast to the observation that
NP has a higher affinity for RNA than for itself (Elton et al., 1999a).

The termini of each RNA segment are inversely complementary which might be
important in recognition of segments on packaging into virions (Desselberger et al.,
1980; Hsu et al., 1987). Although the terminal sequences were found to be base-paired
in free RNA, thereby forming a panhandle structure, binding of NP was reported to melt
the secondary structure, separating the strands and exposing the bases to the solvent
(Baudin et al., 1994). A fork-like structure with separation of the extreme terminal
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Fig.1.10. Averaged electron micrograph of influenza virus NP
binding RNA. Twelve NP monomers can be visualised in a ring.
The polymerase complex is resolved on the outside of the ring

structure, depicted within a broken circle. From Ortega et al.

(2000)
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sequences was proposed by Fodor et al. (1995). Subsequently the terminal sequences
were suggested to form a corkscrew conformation (or ‘binary hook’) on recognition by
the polymerase complex (Flick et al., 1996; Flick & Hobom, 1999). A similar hook
structure has also been proposed for the Thogoto orthomyxovirus VRNA terminal
sequences; however, a panhandle structure was demonstrated in the cRNA and no
evidence for a hook structure was found (Leahy et al., 1997 & 1998; Weber et al.,
1997). The structure of influenza virus termini would therefore appear to be dynamic,
with NP playing a major role in the transition between structures.

1.2.3.4.4. Influenza virus transcription and replication

Influenza virus transcription and replication occur in the cell nucleus (Herz et al., 1981,
Jackson et al., 1982). Transcription to make mRNA utilises the cap-snatching activity
assigned to the polymerase complex, a relatively well-defined process in influenza
virus. Binding of the polymerase complex to the 5° VRNA template activates the
recognition of cellular cap structures by the PB2 subunit of the polymerase complex
(Tiley et al., 1994; Cianci et al., 1995). Interaction with the 3’ terminal sequences
through the panhandle structure and binding of the PB1 subunit to RNA then result in
the activation of endonuclease activity and the cap structure plus a short 5’ sequence is
cleaved from the cellular RNA (Hsu et al., 1987; Hagen et al, 1994). The cRNA
template was found to be incapable of stimulating cap-snatching (Leahy et al., 1998).
The resulting capped sequence is then utilised to prime transcription (Braam et al.,
1983).

The initiation of replicative transcription requires a switch from mRNA transcription.
Soluble NP (not associated with RNA) is required for replication, but not mRNA
transcription, to take place, leading to the proposal that NP regulates the polymerase
complex (Beaton & Krug, 1986; Shapiro & Krug, 1988). In addition, the RNA-binding
property of N was found to be essential for replicative transcription (Medcalf et al.,
1999). The nature of the switch is not yet understood but some theories exist. NP might
alter the function of the polymerase complex through direct contact with it (Biswas et al.,
1998; Mena et al., 1999), or interact with the promoter and modify the transcription
signals (Fodor et al., 1994; Hsu et al., 1987; Klumpp et al., 1997). Alternatively NP
might only act by cotranscriptionally encapsidating segments (Shapiro & Krug, 1988).
Influenza virus mRNA is truncated and polyadenylated relative to full-length segments.

Polyadenylation is thought to take place because the polymerase complex stays bound
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to a sequence upstream of the polyuridine sequence, preventing processive
transcription through it (Tiley et al., 1994; Poon et al., 1998; Pritlove et al., 1998). NP
has also been implicated in this process (Honda et al., 1988).

1.2.4. Encapsidation in the Bunyaviridae

1.2.4.1. Location of a proposed encapsidation initiation signal

In bunyavirus-infected cells unencapsidated mRNA and full-length, encapsidated
genome and antigenome RNAs are detected. The fact that mRNA is truncated by
approximately 100nt at the 3’ end relative to antigenome RNA implicates the 3’ end of
positive-sense RNA in the encapsidation process. However, in LAC-infected cells the
detection of a low proportion of interesting ‘unusual’ transcripts was reported late in
infection (Fig.1.5; Raju & Kolakofsky, 1987b). Normal LAC genome and antigenome-
sense S segments are 983nt long, whereas S-mRNA runs from approximately nt —15
(due to the non-templated primer) to nt 886. The unusual transcripts consisted of
encapsidated mRNAs (nt -15 to 886), encapsidated positive-sense RNA from nt 1 to
886, and unencapsidated positive-sense RNA from nt —15 to 983. The detection of the
latter two RNA species led the authors to speculate that the origin of nucleocapsid
assembly is located at the 5' end of positive-sense LAC transcripts. They suggested
that the presence of the non-templated primer on the 5’ end hindered encapsidation by
placing the recognition sequence out of context, or by recruiting a cytoplasmic cap-
binding factor and masking the site.

Raju & Kolakofsky (1989) addressed the question of how the ends of segments can be
base-paired when they are encapsidated by N in the nucleocapsid. They suggested that
N is either displaced from the RNA or remains attached to the ribose-phosphate
backbone, the latter implying sequence-nonspecific binding in the fashion observed for
influenza virus NP (Baudin et al., 1994). However, they stressed that N would be
unlikely to dissociate from the complex because of putative interactions with other N
proteins.

The proposed existence of an encapsidation initiation signal within the UTRs was
supported by the reverse genetic system developed for BUN by Dunn et al. (1995;
section 1.1.14.). Using this system it was determined that the 5 and 3' UTRs are
sufficient to provide the signals required for transcription and replication of a

recombinant segment RNA template. In addition, the signals were mapped to the
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stretch of RNA from each end of the RNA to the terminal 20-33nt of each UTR (Dunn,
2000).

1.2.4.2. Hantavirus N-RNA interactions

Expression of HTN M and S segment RNA in cells by recombinant baculovirus or
vaccinia virus resulted in the assembly of nucleocapsid-like and virus-like particles
(Betenbaugh et al., 1995). This suggested that N was able to assemble into authentic
structures on its own, similar to the properties observed by nucleoproteins of other
NSVs. Agarose GEMSA of Puumala virus (PUU) bacterially-expressed, His-tagged N-
ssRNA complexes indicated the formation of complexes that shifted further up the gel
with increasing protein concentration, indicating an increase in size of the complexes
(Gétt et al., 1993). No sequence-specific binding was reported with hantavirus N in vitro
on preincubation with the competitor RNA species tRNA and polyU RNA and with the
first 520nt of the 5’ negative-sense PUU S segment as the radiolabelled RNA. However,
a preference was found for double-stranded nucleic acids as polyA/U RNA and salmon
sperm DNA competed fully. In addition, a partially double-stranded RNA template
consisting of 520nt of the 5’ negative-sense PUU S segment annealed to 308nt of the 3’
terminus formed large complexes with PUU N that were shifted to the top of an agarose
gel on GEMSA (‘well-shift’). This was proposed to imply co-operative binding (Gétt et
al., 1993). The ‘well-shift’ could not be mediated by the 5’ terminal sequences alone and
the profile of binding to the 5’ terminal sequences was not distinguishable from that to

RNA lacking the terminal sequences.

1.2.4.3. Implications for encapsidation and regulation of replication in BUN

By analogy to other nucleocapsid proteins, BUN N probably encapsidates RNA by
interactions with both the RNA and other N monomers. It is also likely to play a role in
the regulation of replicative transcription. However, as mentioned previously, BUN N
contains no consensus RNA-binding domain and little homology with other N proteins
outside the Bunyavirus genus. Amino acid sequence alignment of 19 bunyaviruses from
three serogroups indicates that the C-terminal half of the protein is more highly
conserved (Fig.1.11), which is surprising as the N-terminal half shares its part of the
gene with the NSs ORF. However, hantaviruses and nairoviruses, none of which
encode an NSs protein, have also been reported to have high degrees of conservation

in the C-termini of N proteins (section 1.1.6.1). A region of low homology is present in
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approximately the centre of BUN N which might suggest a two-domain structure.
Fortuitously a Kpnl site is situated upstream of this region in the BUN N ORF,
facilitating construction of vectors capable of expressing either half of the protein with
minimal disruption. Of particular interest is a highly-conserved region containing a high
concentration of conserved aromatic amino acids (residues 142-165), followed to the C-
terminal side by a cluster of conserved basic residues. General, sequence non-specific
RNA-binding may involve such conserved basic residues and it is interesting that they
are absent from the N-terminus and the centre of the primary sequence, possibly
excluding these regions of the molecule from this function.

A BUN N mutant truncated by 23 amino acids at the C-terminus (terminating at residue
211) was found to be inactive in the BUN minireplicon system. However, the system
presumably requires N to bind itself, RNA and L so it is to be expected that even a
small truncation would have a large effect on the activity of the system (Elliott, personal
communication). Nevertheless, the result could implicate the C-terminus as an
important region of the protein.

Bunyavirus nucleocapsids are relatively resistant to digestion by RNase (Hacker et al.,
1989; Kolakofsky & Hacker, 1991). Hence, their structures would appear to be different
to those of influenza virus nucleocapsids, which are fully sensitive to digestion, and
those of nonsegmented NSVs, which are fully resistant. Bunyavirus nucleocapsids are
also stable in CsCl gradients, suggesting that strong and stable interactions exist within
the nucleocapsid (Obijeski & Murphy, 1977).

The mechanism of encapsidation has yet to be elucidated. Despite the inference that an
encapsidation initiation signal is present within the UTRs, the initiation event could in
fact be mediated by another viral component which would serve to deliver N to the
RNA. The high positive charge attributed to N and lack of specific binding observed with
hantavirus N suggests that N-RNA binding might occur through non-specific
interactions with the viral RNA.

As yet, no interaction between N and L has been demonstrated in any member of the
Bunyaviridae, although an interaction is to be expected. Nucleoprotein-polymerase
interactions have been characterised in segmented and nonsegmented NSVs and may
appear as fundamental contributors to proper encapsidation in vivo, as well as taking
part in the regulation of replication. However, by analogy to other NSVs the switch from
mRNA synthesis to replication may be based on interactions of N with the viral

promoter or by encapsidation of non-templated transcription primers.
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The role of NSs in bunyavirus infections has only recently started to be understood and
the mechanisms of its functions are currently elusive. It is quite possible that NSs
interacts with a component of the nucleocapsid such as N when exerting its inhibitory

effect on transcription.
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Aims of the project

The main aim of the project was to investigate the interactions of the BUN nucleocapsid
protein and to elucidate the mechanism of encapsidation of viral RNA. A minor aim was
to identify interactions between other viral proteins that could be useful in describing
further viral mechanisms. At the start of the project, interactions of the hantavirus N
protein with its RNA had been reported (Gétt et al., 1993). No interactions of N with
RNA or any other molecule had been reported for any other member of the family, and
the function of BUN NSs was unknown.

A major goal was to identify and characterise any interaction of N with viral RNA using
biochemical methods. In addition, this would be used to provide information on the
process of encapsidation of viral RNA, and to address the question of why non-viral
RNA and mRNA are normally not encapsidated. A second objective was to identify
whether N is capable of self-association, and if so, to determine the domains
responsible. A third aim was to investigate any interaction between N and L, which was
considered to be likely to take place. The final objective was to detect any interactions
between NSs and itself, N or L, with the intent to provide information on the function of
NSs.
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Chapter 2: Materials and Methods

2.1. Materials

2.1.1. Enzymes

Restriction endonucleases Bbsl, Bsal, BsmBI, BstYl, Faul, Mnll and Tsp509I, T4
DNA polymerase and T4 RNA ligase were purchased from New England Biolabs.
Pfu Turbo polymerase was purchased from Stratagene. T7 RNA polymerase, RQ1
RNase-free DNase and recombinant ribonuclease inhibitor rRNasin® were
purchased from Promega. RNase A was purchased from Sigma. Taqg DNA
polymerase was purchased from Qiagen. T4 DNA ligase was purchased from Gibco
BRL. All other enzymes were purchased from Roche Diagnostics.

All enzymic reactions took place under the conditions specified by the manufacturer

unless stated otherwise.

2.1.2. Radiochemicals
Radiochemicals possessed the following specific activities and were purchased from

the following sources:

Compound activity source
a-[**P] CTP 3000Ci/mmol DuPont NEN®
[*°S] L-methionine  800Ci/mmol Amersham

["“C] chloramphenicol 58.5mCi/mmol, 0.1puCi/ul Amersham

2.1.3. Synthetic oligonucleotides
Oligonucleotides were purchased from MWG Biotech or synthesised on a Cruachem
PS250 automated synthesiser.

The sequences of novel oligonucleotides are as follows.

T7 PCR: 5-CTAATACGACTCACTATA

5SL1T7: 5'-CTAAATCAACATTATATTGTTAATGGTATTTTAATATA
GTGAGTCGTATTAG (I7 promoter)

EVYL1: 5'-CTAATACGACTCACTATAGATGGAGAGAGGAAG
(T7promoter)

EVYL2: 5'-CTAATACGACTCACTATAGATCCCGATTGCTAAGGG

(I'Z7promoter)

38



Materials and Methods

M2HN1: 5-CTGCGAATTCATGATTGAGTTGGAATTTCACG  (EcoRlI
M2HN2: 5-CTGCGGATCCTTACATGTTGATTCCGAATTTAGC (BamHl)
M2HN3: 5-CTGCAAGCTTTTACATGTTGATTCCGAATTTAGC (Hindlll)
M2HN4: 5-ATGATTGAGTTGGAATTTC
M2HNS: 5'-CATGTTGATTCCGAATTTAGC
M2HL1: 5-CGTGGGATCCATTCGCTTGCCATTTCAAGCCACG (BamHl)
M2HL2: 5-CGTGICTAGAATCTTTAGCTGTCTTTTGGCCC (Xbal)
M2HL3: 5-CTGCGAATTCATGGAGCACCAAGCTTATCAATACC (EcoRl)
M2HS1: 5-CTGCGAATTCATGATGTCGCTGCTAACACC (EcoRl)
M2HS2: 5-CTGCGGATCCTCAGCATCTTCTCAAGTAGG (BamHl)
S5N390: 5'-CAGCAGGGTCTCCCATGCTACTTGAGAAGATGCTGAA (Bsal)
3N390: 5'-CAGCAGCTCGAGTTAGTACCTGGCAAGGAATCCA (Xhol)
NHISN1: 5-CAGCAGCTCGAGTTAGTGATGGTGATGGTGATG
CCCGGGCATGTTGATTCCGAATTT (Xhol)
NHISN2: 5'-CAGCAGGGTCTCCCATGCATCACCATCACCATCA
CCCCGGGATGATTGAGTTGGAATTTC (Bsal)

Oligonucleotides 5 and 6 were provided by F Weber (unpublished results).

Oligonucleotide S4 was provided by E Dunn (Dunn, 2000).

2.1.4. Expression vectors and plasmids

The construction of some plasmids used in the project is described in the following:

Plasmid

pBUNSCAT
pT7BUNS5'(32)/3'(33)
pBUNS32CAT
pT7riboBUNM
pT7riboBUNS
pT7riboBUNN

pUCL

Mammalian two-hybrid plasmids:

pSG424
pVP16AASV19N
pG5BCAT

reference

Dunn et al., 1995
Dunn, 2000

Dunn, 2000

Bridgen & Elliott, 1996
Bridgen & Elliott, 1996
Bridgen et al., 2001
Jin & Elliott, 1991

Sadowski & Ptashne, 1989

Aso et al., 1992
Martin et al., 1990
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The plasmids pTM1 (Moss et al., 1990) and pTZ18 (Pharmacia) were supplied by
RM Elliott. Plasmids for the mammalian two-hybrid system were supplied by A
Easton (Mammalian Matchmaker Two-Hybrid Assay kit plasmids; Clontech) R
Banerjee (original plasmids) and F Weber (pVPMxA and pGalMxA). The plasmid
pQE30 was supplied by Qiagen, and pQEBunN by RM Elliott.

2.1.5. Bacterial strains

The bacterial strain used for maintenance and propagation of plasmids was
Escherichia coli DH50.™: ®80d lacZAM15, recA1, endA1, gyrA96, thi-1, hsdR17(ry.,
Mg.), SUPE44, relA1, deoR, A(lacZYA-argF) U169.

Expression of proteins for purification utilised the Escherichia coli strain
M15[pREPA4]: NaF, Str*, rif*, lac, ara’, gal, mtl, F, recA*, uvr'. Supplied by Qiagen.

2.1.6. Virus
The recombinant, T7 polymerase-expressing vaccinia virus vTF7-3 (Fuerst et al.,

1986) was originally supplied by B Moss.

2.1.7. Tissue culture

All reagents used in tissue culture were purchased from Gibco BRL. Cells were
grown at 37°C in 5% CO, in a humidified incubator.

BHK-21 clone 13 is a baby hamster kidney cell line. Cells were grown in Glasgow
modified Eagle’s medium supplemented with 10% new born calf serum and 5mM L-
glutamine, 10% tryptose phosphate broth and 14mi/400ml of 7.5% sodium
bicarbonate.

The cell lines 293 and Hela are of human origin and were grown in Dulbecco’s
modified Eagles medium supplemented with 10% foetal calf serum and 5mM L-
glutamine.

The primate cell line COS7 was maintained under the same conditions as the

human cell lines.
2.1.8. Reagents, chemicals and solutions
All reagents and chemicals were purchased from BDH Chemicals Ltd or Sigma

Chemicals Co except as noted.

2YT broth: 5g NaCl, 16g Bactopeptone and 10g yeast extract per litre.
Acid phenol, pH 4.5: Purchased from Ambion.
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Acrylamide/bis-acrylamide stock solution: 30% (w/v) acrylamide, 0.8% (w/v) bis-
acrylamide, final ratio 37.5:1. Purchased from Roche Diagnostics and
Scotlab. Source was discovered to affect GEMSA outcome.

Agarose gel loading buffer: 20% Ficoll 400; 0.1M Na,EDTA, pH8; 1% SDS; 0.25%
bromophenol blue; 0.25% xylene cyanol.

Ammonium persulphate: from Biorad.

Blocking buffer (Northwestern blotting): 5% non-fat milk in PBS with 1mM DTT.

Blocking buffer (Western blotting): 0.1% Tween-20 in PBS(A) with 10% (w/v) non-fat
milk

Coomassie blue stain: 10% methanol, 10% acetic acid, 0.1% Coomassie blue.

DEAE-dextran: 10mg/ml DEAE-dextran in Tris-buffered saline, filtered.

Dialysis buffer: 10mM NaCl; 10mM Tris, pH 8.

En®Hance: from DuPont.

Factor Xa buffer 1: 26mM Tris-HCI pH8.0, 0.5mM CacCl,, 50mM NaCl.

Factor Xa buffer 2: 15mM Tris-HCI pH8.0, 0.3mM CacCl,, 30mM NaCl.

Factor Xa buffer 3: 35mM Tris-HCI pH8.0, 0.7mM CacCl,, 70mM NacCl.

GB 002 gelblot paper (Scleicher & Schuell)

Gel fix: 50% (v/v) methanol, 10% (v/v) acetic acid, 40% dH,0.

GEMSA 6% non-denaturing polyacrylamide gel: 10ml 30%
acrylamide/bisacrylamide (37.5:1); 32ml dH,O (autoclaved); S5ml 50%
glycerol (autoclaved); 2.5ml 10x TBE (autoclaved); 0.45ml ammomium
persulphate; 50ul TEMED.

GEMSA loading dye (autoclaved): 30% glycerol; 0.25% bromophenol blue; 0.25%
xylene cyanol.

HBB (1x): 25mM Hepes, pH 7.5; 25mM NaCl; 5mM MgCl,; 10mM DTT.

Hybridisation buffer (1x): RNA-protein binding buffer + 0.5% NP40.

IP buffer: 150mM NaCl; 10mM Tris, pH 7.4; 1% sodium deoxycholate; 1% Triton X-
100; 0.1% SDS; 1mM PSF.

LB agar: L-broth plus 1.5% (w/v) agar.

L-broth: 10g NaCl, 10g Bactopeptone and 5g yeast extract per litre.

LiCl wash buffer: 0.5M LiCl in 0.1M Tris-Cl, pH 7.5.

Lysis solution: 0.2M NaOH; 1% SDS.

Neutralisation solution: 1.32M KOAc, pH4.8.

Nickel-agarose: from Qiagen.

PEI (polyethylene imine): PEI (Fluka), 50% in water. Working stock: 450ug/ml in
dH,0, neutralised with HCI and filtered.

41



Materials and Methods

Pfu PCR buffer (10x): 200mM Tris-HCI (pH8.8), 20mM MgSO,, 100mM KCI, 100mM
(NH,),SO,, 1% Triton X-100, 1mg/mi nuclease-free BSA. From Stratagene.

Phenol:chloroform:isoamyl alcohol (25:24:1): 1 part TE-buffer saturated phenol
mixed with 1 part choloform:isoamy! alcohol.

Protein dissociation mix: 100mM Tris-HCI (pH6.8), 4% (w/v) SDS, 200mM pB-
mercaptoethanol, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue.

Protein sample buffer: 15% w/v SDS; 1.5% w/v bromophenol blue; 50% v/v glycerol.

RNA-protein binding buffer (1x): 10mM Hepes, pH 7.3; 150mM NaCl; 20mM KCI;

5mM MgCl,; 1mM EDTA. Autoclaved. DTT added separately to binding reaction.

RNase A stock solution (10mg/ml): pancreatic RNase A in 10mM Tris-HCI (pH7.5),
15mM NaCl, heated at 100°C for 15min to inactivate DNase, cooled and
stored at -20°C.

SDS-PAGE running buffer: 25mM Tris-base, 192mM glycine, 0.1% SDS

Sequencing gel mix: 6% (w/v) acrylamide/bisacrylamide (57:3), 8M urea, 1xTBE.
From Scotlab.

Sonication buffer: 50mM sodium phosphate, pH 7.5; 300mM NaCl

STET lysis solution: 8% w/v sucrose; 5% Triton X-100; 50mM EDTA; 50mM Tris-Cl,
pH8. Stored at 4°C.

Substrate buffer for ECL: 50mM Tris-Cl, pH 7.5

T7 RNA polymerase optimised transcription buffer (10x): 200mM Tris-HCI (pH 7.5),
30mM MgCl,, 10mM spermidine, 50mM NaCl. From Promega.

TAE: 40mM Tris-acetate (pH 8.0), 1mM EDTA. From Roche Diagnostics.

TBE: 90mM Tris-HCI (pH 8.0), 90mM boric acid, 1mM EDTA (pH 8.0). From Roche
Diagnostics.

TEMED: from Bio-Rad.

TEN: 150mM NacCl, 40mM Tris-HCI (pH 7.5), 1mM EDTA (pH 8.0).

Transfer buffer: 15mM Tris; 120mM glycine; 20% methanol.

Trypsin solution: 0.25% (w/v) Difco trypsin dissolved in Tris-saline solution plus
0.005% (w/v) phenol red.

TSB: 10% PEG; 5% DMSO; 10mM MgCl,; 10mM MgSQO, in 2YT or LB broth.

TSB/glucose: TSB + 3.6mg/ml glucose.

Versene solution: PBS supplemented with 0.6mM EDTA and 0.0015% (w/v) phenol
red.

Visualisation solution for ECL: from Amersham Life Sciences.

Wash buffer for protein purfication: 50mM sodium phosphate, pH 7.5; 300mM NaCl;
10% glycerol; pH 6.0.
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2.1.9. Equipment and miscellaneous materials

3MM blotting paper (Whatman)

400H powerpack (Gibco BRL)

anti-pentaHis antibody (Qiagen)

BA8S5 nitrocellulose membrane (Schleicher & Schuell)

Branson sonifier 450 (Branson electronics)

Cosmid miniprep kit (Hybaid)

Econosystem chromatography machine (Bio-Rad)

GB 002 gel-blot paper (Schleicher & Schuell)

Gradient Master gradient former (Biocomp)

horizontal gel electrophoresis apparatus Horizon 58 (5.7 x 8.3 x 0.3cm) and H5
(14x11x0.5cm; Gibco BRL)

Hybond C nylon blotting membrane (Amersham)

in vitro transcription kit (Promega)

Lipofectamine transfection reagent (Gibco BRL)

liquid scintillation counter (Beckmann)

MEGAshortscript in vitro transcription kit (Ambion)

mini-quick spin RNA columns (Roche Diagnostics)

Nescofilm (Nipon, Bando Chemical Ind.)

Opti-MEM media (Gibco BRL)

Pansorbin celis (Calbiochem-Novabiochem)

Plasmid miniprep kit (Qiagen)

Polygram SIL G (0.25mm) TLC plates (Camlab)

Progene Thermal cycler (Techne)

protein A-sepharose beads (Sigma P3391)

Qiafilter maxiprep kit (Qiagen)

quick-spin columns (Ambion)

Quick TnT® Coupled Transcription/Translation system (Promega)

SDS-PAGE standards broad range (Bio-Rad)

semi-dry electrophoresis apparatus (LKB Bromma)

sterile Acrodisc filter, 0.2um (Gelman Sciences)

tissue culture materials (Nunc)

ultrasonic bath (Grant)

Vivaspin concentrating columns with 10kD molecular weight cut-off (Vivascience)

Wizard maxiprep kit (Promega)
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X-Omat S x-ray film (Kodak)

2.2. Methods

2.2.1. DNA manipulation and cloning procedures

2.2.1.1. Plasmid preparation

2.2.1.1.1. Small-scale plasmid preparation: cosmid miniprep kit (Hybaid)

Used to make sequencing-quality DNA

One and a half ml of a culture of E. coli strains DH5a or M15[pREP4] containing the
desired plasmid was centrifuged at 13000rpm in a benchtop centrifuge for 30s and
the resultant pellet resuspended in 50ul pre-lysis buffer. One hundred pl alkaline
lysis solution was added and the cell suspension mixed by inversion until the
solution was clear. Seventy-five pl neutralisation solution was added and the
solution mixed by inversion and centrifuged for 2min to pellet cell debris. The
supernatant was transferred to a spin filter and 250ul binding buffer added and
mixed by inversion. The buffer was removed by centrifugation for 1min and the filter
washed with 350ul wash solution and centrifugation for 1min. The filter was dried by
centrifugation for 1min and the binding beads resuspended in 30ul dH,O. The DNA
was collected by centrifugation for 30s and frozen.

2.2.1.1.2. Small-scale plasmid preparation: Qiagen plasmid miniprep kit
Used to make transfection-quality DNA

Performed according to manufacturer’s protocol.

2.2.1.1.3. Small-scale plasmid preparation: boil-lysis method

Used for diagnostic restriction digestion

One and a half ml of a culture of E. coli strains DH5a. or M15[pREP4] containing the
desired plasmid was centrifuged at 13000rpm in a benchtop centrifuge for 30s, the
resultant pellet broken up by agitation and incubated in 450ul STET lysis solution
containing 200ug lysozyme on ice for 5min. The solution was boiled for 40s,
centrifuged at 13000rpm for 20min and the pelleted debris removed with a sterile
tooth-pick. Four hundred and fifty ul isopropano! was added to the supernatant,
incubated at -20°C for 30min and centrifuged at 13000rpm for 10min. The pellet was

washed with 70% ethanol, air-dried and resuspended in dH,O.
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2.2.1.1.4. Small-scale plasmid preparation: alkaline lysis method

Used for diagnostic restriction digestion

1.5ml of a culture of E. coli strains DH5a or M15[pREP4] containing the desired
plasmid was centrifuged at 13000rpm in a benchtop centrifuge for 30s and the
resultant pellet resuspended in 100ul cell resuspension solution (Promega). Two
hundred pl fresh lysis solution was added to the bacteria and mixed by inversion,
then incubated on ice for 3min. One hundred and fifty ul cold neutralisation solution
was added, mixed by inversion and incubated on ice for 5min. The debris was
pelleted at 13000rpm for Smin and DNA precipitated from the supernatant by
ethanol precipitation. The pellet was washed with 70% ethanol, air-dried and

resuspended in dH,O.

2.2.1.1.5. Large-scale plasmid preparation: Promega ‘Wizard’

Used for bulk preps of DNA

A 300ml culture of E. coli strains DH5a or M15[pREP4] containing the desired
plasmid was centrifuged at 3000rpm for 10min in a swing-bucket rotor and the
bacteria resuspended in 15ml resuspension solution. Fifteen ml cell lysis solution
was added and mixed by inversion until the solution was clear. Fifteen ml
neutralisation solution was added and mixed by inversion. The cell debris was
pelleted by centrifugation at 3000rpm for 10min. The DNA was precipitated from the
supernatant by incubation with an equal volume of isopropanol at -20°C for 10min,
pelleted by centrifugation at 2500rpm in a swing-bucket rotor for 10min and
resuspended in 2ml dH,0. Ten ml DNA purification resin was added and mixed and
the solution passed through a column under vacuum. The column was washed with
25ml column wash solution and 5ml 80% ethanol and dried by centrifugation at
2500rpm in a swing-bucket rotor for 5min and by application of vacuum for 5min.
The column was incubated with 1.5ml dH,0O at 65°C for 1min and the DNA eluted by
centrifugation at 2500rpm in a swing-bucket rotor for 5min. The eluate was filtered

through a 0.2um syringe filter and stored at -20°C.

2.2.1.1.6. Large-scale plasmid preparation: Qiagen ‘Qiafilter’

Used for bulk preps of transfection-quality DNA

A 100ml (high-copy) or 250ml (low-copy) culture of E. coli strains DH5a or
M15[pREP4] containing the desired plasmid was centrifuged at 3000rpm for 10min
in a swing-bucket rotor and the bacteria resuspended in10ml! buffer P1. Ten ml
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buffer P2 was added, the solution was inverted and incubated for Smin. Ten ml
buffer P3 was added, the solution was inverted and incubated for 10min in a
cartridge barrel. A tip was equilibrated by applying 10ml buffer QBT and the column
emptied by gravity flow. The bacterial lysate was cleared by being passed through
the filter of the syringe into the tip and entered the resin by gravity flow. The tip was
washed with 2x 30ml buffer QC and the DNA eluted with 15ml buffer QF, then
precipitated with 10.5ml isopropanol and pelleted by centrifugation at 2500rpm for
3h in a swing-bucket rotor at 4°C. The pellet was washed with 70% ethanol, air-
dried, resuspended in 1ml dH,0 and stored at -20°C.

2.2.1.2. Phenol:chloroform extraction and ethanol precipitation

The volume of the solution was increased to 100 or 150ul with dH,O and an equal
volume of 50% phenol (pH 7.9 for DNA, pH 4.5 for RNA); 49% chloroform; 1%
isoamyl alcohol was added, mixed extensively by vortexing and centrifuged at
13000rpm in a benchtop centrifuge for 5min. The upper phase was retained, mixed
with an equal volume of chloroform and centrifuged as before. The upper phase was
retained and 1/10 of the volume of 3M sodium acetate, pH 5.2 (for DNA) or 7.5M
ammonium acetate (for RNA) and 3 volumes (for DNA) or 2.5 volumes (for RNA) of
100% ethanol were added. The solution was incubated at -20°C for 1h or on dry ice
for 20min and the nucleic acid pelleted by centrifugation at 13000rpm for 20min. The

pellet was washed with 50ul 70% ethanol, air-dried and resuspended in dH,0.

2.2.1.3. Restriction endonuclease digestion of DNA

For the analysis of plasmid DNA from small-scale preparations, restriction enzyme
digestions were set up in 10ul volumes containing 5ul DNA (8ul in the case of low-
copy plasmids), 1ul 10x specific reaction buffer, and 2U restriction endonuclease.
50ng/ul bovine serum albumen was added if specified. The reaction volume was
increased to 10ul with dH,0 and the reaction incubated at the specified temperature
for 2h. The DNA fragments were then separated on an agarose gel.

For the preparation of DNA to be used in subcloning, 5 to 10pg DNA were digested
in a 20 to 50ul reaction volume as above, with 2U restriction endonuclease per pg

DNA, and incubated overnight.
2.2.1.4. End-repair of DNA with the Klenow fragment of E. coli polymerase |

Cohesive ends of plasmid DNA were blunt-ended using the Klenow fragment of E.

coli polymerase |, which lacks the 3’ to 5’ exonuclease activity of E. coli polymerase
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I. To a 20yl restriction digestion reaction were added 1ul each of 0.5M dATP, dGTP,
dCTP and dTTP and 1-5U Klenow fragment. The reaction was incubated at 30°C for
15min and the DNA purified by phenol:chloroform extraction.

2.2.1.5. Polymerase chain reaction (PCR) amplification of DNA

PCR was performed using both Tag DNA polymerase (for diagnostic purposes) and

Pfu Turbo DNA polymerase. In each case the reaction was carried out in the buffer

supplied and under the conditions recommended by the manufacturer. Reactions

were performed in a thin-walled 0.5ml reaction tube, and using a Techne thermal

cycler that does not require the reaction to be overlaid with oil.

A typical diagnostic reaction with Tag DNA polymerase follows. A master mix was

used to set up several reactions at once.

dH,O

10x Pfu or Taq buffer

25mM MgCl,

25mM dNTPs

bacterial culture

primer 1, 16pmol/pl

primer 2, 16pmol/pl

Taq DNA polymerase, 5 U/ul

A typical reaction with Pfu Turbo polymerase:

dH,O

10x Pfu buffer

25mM dNTPs

template DNA, 100ng/ul

primer 1, 16pmol/ul

primer 2, 16pmol/pul

Pfu Turbo DNA polymerase, 2.5 U/l

22.86ul
3ul
1.2yl
0.24pl
Tl
0.75ul
0.75ul

0.2l
30ul

81.2ul
10ul
0.8ul
m
2.5yl
2.5l

ul
100ul
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Thermal cycler parameters:

segment 1 (strand separation) 94°C 1min
segment 2 (annealing) 50-60°C 1min
segment 3 (extension) 72°C 2.5min/kb

Typically 30 cycles were utilised, including a final extension step of 72°C for 10min.
PCR products were purified from an agarose gel.

2.2.1.6. DNA ligation

Ligation reactions were set up at three molar ratios (1:1, 1:3 and 1:5) of linearised
vector to insert DNA in a 10ul reaction volume. The reaction included 100ng vector
DNA, insert DNA, 2ul 5x ligation buffer and 1U T4 DNA ligase and the volume was

increased to 10ul with dH,0. The reaction was incubated at 16°C overnight.

2.2.1.7. Agarose gel electrophoresis of DNA

DNA species were separated in a horizontal slab gel (5.7x8.3x0.3cm) containing 1%
(w/v) agarose in 1XTBE or 1xTAE. DNA containing 0.1 volumes of loading dye was
loaded into the wells and the gel was run in 1IXTBE or 1XTAE containing 0.5pg/ml
ethidium bromide. Electrophoresis was performed at 100V (for TAE gels) or 150V
(for TBE gels).

2.2.1.8. Purification of DNA from agarose gel

DNA in an agarose gel was purified using a Quick Spin column (Ambion), which
contains a filter that retains the gel and allows the DNA to pass through it. The gel
slab was frozen at —20°C for 1h, then placed in a Quick Spin column and centrifuged
at 13000rpm in a benchtop centrifuge for 5min and the filter discarded. The DNA
present in the eluate was purified by phenol:chloroform extraction and ethanol

precipitation.

2.2.2. Expression, purification and analysis of non-radiolabelled proteins

2.2.2.1. N Protein purification

A 350mi culture of E. coli strain M15[pREP4] containing a pQE-based plasmid was

incubated for 3h at 37°C with vigorous shaking in 2YT or LB broth containing

100pg/ml ampicillin and 25ug/ml kanamycin. Expression of the N gene was induced
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by addition of IPTG to 1mM and the culture incubated for a further 3h at 37°C. The
bacteria were pelleted by centrifugation at 5000rpm in a GS3 rotor at 4°C for 20min,
resuspended in 10ml sonication buffer and pelleted again at 2500rpm in a swing-
bucket rotor. The pellet was frozen at -20°C or resuspended in 5ml sonication buffer
and the bacteria lysed by freeze-thawing three times on dry ice and at 37°C. The
lysate was subjected to sonication for 2 min at an output of 2.5 and duty cycle 40
and debris pelleted by centrifugation at 10000rpm in an SS34 rotor at 4°C for 20
min.

A nickel-agarose column was washed with 5ml sonication buffer at a flow rate of
2ml/min and the protein loaded onto the column by passing the bacterial lysate
through it at a flow rate of 0.5ml/min with the use of an Econosystem
chromatography machine. The column was washed with sonication buffer until the
Ayg Of the flow-through was less than 0.01, and then with 5ml of wash buffer at
0.5ml/min. The protein was eluted with a linear gradient of 0 to 0.5M imidazole in
wash buffer in a total volume of 30ml at 0.5ml/min. One ml fractions were collected
between 34 and 66min (of a total of 80min) and 5ul of each subjected to analysis by
SDS-PAGE. Fractions containing large amounts of N protein were pooled, dialysed
against a 1| solution of dialysis buffer for 16h and stored at 4°C. Protein was
concentrated in a Vivaspin concentrating column by centrifugation at 2500rpm in a

swing-bucket rotor for 30min at 4°C.

2.2.2.2. Determination of protein concentration.

The concentration of protein purified from bacterial cells was initially determined
using the method described by Bradford (1976). The Bradford assay was performed
according to the instructions of the Bradford reagent manufacturer (Bio-Rad).

The absorbency of the protein at 280nm was also measured, and the absorbence

co-efficient calculated as:

Concentration (ug/ml) protein / Ag (1:10 dilution)

For N the absorbence coefficient was calculated as approximately 800, so that an

A5 reading of 0.3 would give a concentration of 240ug/ml.
2.2.2.3. SDS-PAGE

Fractionation of proteins was performed by electrophoresis through a miniature or
medium-sized polyacrylamide gel with SDS, using a discontinuous buffer system
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(Laemmli, 1970). The gel apparatus and glass plates were assembled according to
the manufacturer’s instructions. TEMED was added to the resolving gel mix just
prior to its use and mixed well. The resolving gel was then poured between the
glass plates leaving sufficient space for the stacking gel (1cm). One ml isopropanol
was added to the top of the resolving gel to ensure a smooth interface with the
stacking gel. After polymerisation of the resolving gel, the isopropanol was poured
off and any remaining isopropanol removed by blotting with 3MM paper. TEMED
was added to the stacking gel solution as before, and the solution was poured
between the glass plates, on top of the resolving gel. All bubbles were removed and
a comb placed into the top of the stacking gel mix to form the wells. After
polymerisation of the stacking gel the comb and lower gel dam were removed and
the wells washed with SDS-PAGE running buffer. The gel was placed in the
electrophoresis apparatus and the reservoirs filled with SDS-PAGE running buffer
(2x SDS-PAGE running buffer for peptide separation gels). Samples in protein
sample buffer or protein dissociation mix were boiled for 5min unless otherwise
stated, then loaded into the wells along with broad-range protein molecular markers.
The gel was run at 40mA until the bromophenol blue reached the bottom of the
resolving gel. The gel was then removed from between the plates and either
immersed in Coomassie blue stain for 30min and then in gel fix solution for at least
30min, or was immersed in gel fix solution for 30min, En*Hance for 30min and
washed with water four times for 15min each. It was then dried under vacuum for 2h

and, if required, exposed to X-Omat film overnight at —70°C.

SDS-acrylamide solution, medium gel (makes 80ml):

15% peptide separation gel  stacking gel

30% acrylamide/bisacrylamide stock: 25mi 3.9ml
1M Tris pH 8.8 9.4ml

1M Tris pH 6.8 3.6ml
10% SDS (w/v) 375ml 300ul
dH,0 1ml 18ml
10% ammonium persulphate 125ul 150pl
TEMED 25ul 30ul
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SDS-acrylamide solution, miniature gel:

15% 20% stacking gel
30% acrylamide/bisacrylamide stock: 4ml 5.3ml 1ml
1M Tris pH 8.8 3.75mi 3.75ml
1M Tris pH 6.8 0.63ml
10% SDS (w/v) 100l 100pl 100ul
dH,O 2.05ml 0.75ml 8ml
10% ammonium persulphate 100pl 100pl 100yl
TEMED 10ul 10ul Sul

2.2.2.4. Western blotting

Proteins to be analysed by Western blotting were subjected to SDS-PAGE. The gel,
6 sheets of 3MM paper and Hybond C nitrocellulose membrane were then
equilibrated in transfer buffer. A gel stack was assembled containing, (from the
bottom), 3 sheets of 3MM paper, the nitrocellulose membrane, the gel and 3 more
sheets of 3MM paper. The gel stack was subjected to a current of 2mA/cm? for 1h in
a semi-dry electrophoresis apparatus and the nitrocellulose membrane incubated in
blocking buffer for 16h. The membrane was incubated with primary antibody in
blocking buffer for 1h with agitation and washed four times with PBS(A)/0.1%
Tween-20. The membrane was then incubated with secondary antibody and

washed as before, then subjected to enhanced chemiluminescence.

2.2.2.5. Enhanced chemiluminescence

Nitrocellulose membrane containing immunoprobed protein was incubated twice in
substrate buffer for 15min each and transferred to freshly-mixed visualisation
solution in which it was incubated for 1min. The membrane was wrapped in mellotex

film and exposed to an autoradiograph film for 0.5s to 10min.

2.2.2.6. Factor Xa protease digestion

Purified N protein contained a factor Xa proteolytic cleavage site to the C-terminal
side of the His-tag. Hence, the His-tag could theoretically be cleaved from the
protein using factor Xa. Reactions were assembled containing 3.5ug N protein and

0.1U factor Xa in factor Xa buffer A, B or C. Reactions were incubated at room
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temperature for 3, 6 or 24h and the size of the resultant polypeptides analysed by
Western blotting using rabbit polyclonal antiserum raised against BUN.

2.2.3. Manipulation of RNA

2.2.3.1. In vitro transcription to make radiolabelled RNA

2.2.3.1.1. Generation of radiolabelled transcripts longer than 200nt

An in vitro transcription kit (Promega) was used to generate radiolabelled transcripts
in excess of 200nt. Reactions were assembled in the following order at room

temperature:

water to a final volume of 25l

5 x transcription-optimised buffer Sul
100mM DTT 2ul
rRNasin 1.5ul
2.5mM ATP, GTP, UTP 4pl
100uM CTP 2.4l
linearised DNA template, 5ug xul
a ¥P-CTP, 3000Ci/mmol 5ul
T7 RNA polymerase Al
25pl

The reaction was incubated at 37°C for 2h and with 1ul RQ1 RNase-free DNase at
37°C for 15min prior to acid phenol:chloroform extraction and ethanol precipitation.
One ul of the reaction was retained for calculation of specific activity after treatment
with DNase.

2.2.3.1.2. Generation of radiolabelled transcripts shorter than 200nt

The MEGAshortscript T7 kit (Ambion) was used to generate transcripts shorter than
200nt. Reactions were assembled in the following order at room temperature:
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RNase-free dH,0 3ul
10x reaction buffer 2ul
75mM ATP 1ul
75mM GTP Tl
75mM UTP 1l
75uM CTP 1ul
linearised template DNA 5ul
a ¥P-CTP, 3000Ci/mmol Sul
enzyme mix dul
20l

The reaction was incubated at 37°C for 4-6h and with 1ul DNase at 37°C for 15min.
One ul of the reaction was retained for calculation of specific activity. Free NTPs
were removed by passing the reaction through an RNA quick spin column (Roche
Diagnostics) and the reaction acid phenol:chloroform extracted and ethanol
precipitated.

2.2.3.2. In vitro transcription to generate non-radiolabelled RNA

All non-radiolabelled transcripts generated were shorter than 200nt in length and
were generated using the MEGAshortscript T7 kit (Ambion). Transcripts shorter than
32nt were produced using the standard reaction conditions recommended by the
manufacturer. Transcripts between 32 and 200nt were produced in a reaction

assembled in the following order at room temperature:

RNase-free dH,0 8ul
10x reaction buffer 2ul
75mM ATP 1l
75mM GTP 1ul
75mM UTP 1l
75mM CTP 1ul
linearised template DNA 5ul
enzyme mix Al
20ul
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The reaction was incubated at 37°C for 2h and with 1ul DNase at 37°C for 15min.
Free NTPs were removed by passing the reaction through an RNA quick spin
column (Roche Diagnostics) and the reaction acid phenol:chloroform extracted and
ethanol precipitated. The concentration was determined by UV spectrophotometry at
260nm. Prior to the use of unlabelled RNA in an experiment, it was passed through
an RNA quick spin column and its concentration was determined by UV
spectrophotometry again. This constituted a control for degradation of the RNA.

2.2.3.3. Removal of unincorporated NTPs

Unincorporated NTPs present in in vitro transcription reactions were removed by
passing the reaction through an RNA mini quick spin column (Roche Diagnostics).
The sephadex matrix in the column was resuspended by inverting and flicking. The
cap was removed, the tip broken off and the column centrifuged in 1.5ml tube at
1000xg for 1min with the arrow pointing towards the middle of the rotor. The column
was placed in a fresh tube and 20-75ul dH,0 added to the centre of the matrix. The
tube was centrifuged at 1000xg for 4min with the arrow pointing towards the centre
of the rotor and the eluate retained.

2.2.3.4. Calculation of specific activity

2.2.3.4.1. TCA precipitation

The radiolabelled nucleic acid was diluted 1:10 in dH,O and 1pul spotted onto a glass
fibre filter (Whatman GF/C). 5ml dH,0 was added and the sample counted by
Cerenkov counting in a liquid scintillation counter (Beckman).

One pl of the dilution was mixed with 100ug yeast RNA and 0.5ml ice-cold 5% TCA
and incubated on ice for more than 5min. The sample was applied under vacuum to
a filter pre-wet with 5% TCA and washed twice with 5ml 5% TCA. The filter was

counted as before.

2.2.3.4.2. Calculation of specific activity from TCA precipitation data
Percent incorporation
= incorporated cpm / total cpm x 100
Total cpm incorporated
= incorporated cpm x dilution factor x reaction volume / volume counted
nmol labelled rNTP

= uCi rNTP in reaction / isotope concentration, nCi/nmol
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Total nmol limiting rNTP
= nmol labelled rNTP + nmol limiting unlabelled rNTP
Maximum theoretical yield
= total nmol limiting rNTP x 4 [number of rNTPs] x 330 [molecular mass]
Total ug RNA synthesised
=(% incorporation /100) x maximum theoretical yield
Specific activity

=total incorporated cpm / total ng synthesised RNA
2.2.4. RNA-protein binding analysis
2.2.4.1. RNA-protein binding reactions

N protein was associated with RNA in binding reactions adapted from Gott et al.
(1993). Binding reactions were assembled on ice in the following order:

Dialysis buffer (autoclaved): to 10ul

10x binding buffer Tul

40mM DTT 0.5l

rRNasin 0.5ul

RNA 1ul

N protein xul
10ul

In the case of negative control reactions, the N protein was replaced with an equal
volume of autoclaved dialysis buffer. Reactions were mixed by vortexing and
incubated for 20min at 30°C.

2.2.4.2. North-Western blotting

The analysis of RNA-protein interactions by North-Western blotting was first
described by Boyle and Holmes (1986).

N protein was subjected to SDS-PAGE and blotted onto a Hybond C extra
nitrocellulose membrane (see Western blotting). The membrane was washed twice
in PBS, incubated in blocking buffer for 16h, washed four times with HBB, washed
once with hybridisation buffer and probed with a **P-labelled riboprobe for 2h. The
membrane was then washed three times with hybridisation buffer, wrapped in
mellotex film and exposed to X-Omat film overnight.
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2.2.4.3. Polyacrylamide gel electrophoretic mobility shift assay (GEMSA)

RNA-protein binding reactions were run on a medium-sized 6% non-denaturing
polyacrylamide gel containing 5% glycerol. The gel apparatus was washed, treated
with 100% ethanol and prepared according to the manufacturer's instructions.
Immediately after addition of TEMED and mixing, the acrylamide gel mix was
poured between the glass plates to 0.5cm below the top of the plate. Bubbles were
removed and a comb inserted into the top of the gel mix to form the loading wells.
When the gel had polymerised fully (best results were obtained when left overnight)
the comb and the bottom gel dam were removed and the gel secured in the
electrophoresis apparatus. The reservoirs were filled with GEMSA running buffer at
4°C. The wells were washed with GEMSA running buffer prior to each sample in
12.5% glycerol (autoclaved) being loaded into the wells. GEMSA loading buffer was
run in separate wells to mark the progress of electrophoresis, and the gel run at
200V for 2h at 4°C. The gel was then immediately dried for 2h at 80°C under

vacuum and exposed to X-Omat film with intensifying screen at —70°C overnight.

6% GEMSA gel:

30% acrylamide:bisacrylamide stock: 10ml
dH,0 32ml
10x TBE 2.5ml
50% glycerol 5mi
ammonium persulphate 450ul
TEMED 50ul

TEMED was added shortly before use.

2.2.4.4. Agarose gel electrophoretic mobility shift assay (GEMSA)

RNA-protein binding reactions were run on a horizontal 1% agarose gel
(14x11x0.5cm), containing 0.5xTBE and run in 0.5xTBE (autoclaved). Bubbles were
removed from the loading wells and the binding reactions in 12.5% glycerol were
loaded into the wells. GEMSA loading buffer was run in separate wells to mark the
progress of electrophoresis. The gel was run at 200V for 1h at 4°C, then
immediately dried without heat and under vacuum, between eight sheets of 3MM
paper at the bottom (as large as possible, to absorb the large amount of radioactive
buffer) and mellotex film at the top. When dry, the gel stuck to the sheet of mellotex
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film. Another sheet of film was placed on the naked side of the gel and it was
exposed to X-Omat film with an intensifying screen overnight at —70°C.

2.2.4.5. Filter-binding

An RNA-protein binding reaction was placed on ice and the volume increased to
100ul with 1x binding buffer. A BA85 nitrocellulose filter was soaked in dH,O for 1h
and in 1x binding buffer for 30min, then placed in a dot-blot apparatus above a
sheet of GB 002 gel-blot paper that had been soaked in 1x binding buffer briefly.
Unused wells were sealed with tape. The binding reaction was applied to the
apparatus, vacuum applied and the wells washed with 0.5ml 1x binding buffer. The
region of the membrane to which the reaction had been applied was excised and
counted in a liquid scintillation counter using Cerenkov counting. All filter-binding
assays were performed in triplicate.

2.2.4.6. CsCl density uitracentrifugation

Formation of CsCl gradients was performed using a Gradient Master gradient former
(Biocomp). Five ml 40% CsCl in TEN (autoclaved) was layered below 5ml 20% CsClI
in TEN (autoclaved) in a TST41 tube. Twenty percent CsCl was then added to the
top of the tube to increase the volume to that specified in the Gradient Master
manual. The cap supplied with the Gradient Master was fitted to the tube and
bubbles removed by suction. The tube was then attached to the Gradient Master
and a the two CsCl solutions mixed using the specified parameters. When the
program had finished, the cap was removed and 0.5ml of the solution was removed
from the top of the gradient and replaced with 5% sucrose in TEN (autoclaved). An
RNA-protein binding reaction (containing radiolabelled RNA) or control reaction
lacking protein was added to the top of the sucrose and the gradients subjected to
ultracentrifugation on a TST41 rotor at 32000rpm for 16h at 12°C. The gradients
were fractionated from below using a capillary tube inserted to the bottom of the
TST41 tube, connected to the fraction collector unit of an Econosystem
chromatography machine, and suction provided by a peristaltic pump. The gradients
were automatically fractionated into fractions of 12 drops each, corresponding to
approximately 1ml. 200ul of each fraction was then subjected to TCA precipitation in
the presence of 10ug yeast RNA to remove degraded RNA, and the remaining

counts determined by Cerenkov counting.
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2.2.5. Tissue culture

2.2.5.1. Maintenance of cell lines

Cell monolayers were harvested by washing the monolayer once with versene
solution, then with a 5:1 mix of versene and trypsin solutions. Cells were incubated
at 37°C for 15min before resuspension in 5ml of media. Cells were routinely split 1:6
into flasks (80cm? or 175cm?; 1x10° cells added to a 175cm? flask ) or seeded into

35mm dishes at the stated concentrations.

2.2.5.2. Tissue culture stocks

To make a stock of a cell-line, a monolayer from a 175cm? flask was harvested,
centrifuged for 30s at 2000rpm in a swing-bucket rotor and resuspended in 2ml
media containing 10% dimethyl sulphoxide (DMSQ). The cells were then placed in a
screw-cap cryctube and stored overnight at —70°C. The following day they were
transferred to liquid nitrogen. To revive the cells, they were thawed on ice and used

to seed an 80cm? flask.
2.2.5.3. Transfection of mammalian cells

2.2.5.3.1. DEAE-dextran transfection
The plasmid DNA to be transfected was ethanol precipitated and resuspended in
Tris-buffered saline (TBS), then added to 10mg/ml DEAE-dextran at 37°C in a

volume determined by the final concentration of DEAE-dextran required:

Concentration in media total volume DNAin TBS DEAE-dextran, 10mg/mi
ug/mi ul pl pl
400 90 30 60
200 45 15 30
100 224 7.4 15
50 11.1 3.7 7.4

The DNA-DEAE dextran mix was added to 1.5ml Opti-MEM per dish and added to
35mm dishes of subconfluent cells at 400, 200, 100 or 50 ug/mi. The cells were
incubated at 37°C for 3-4h, the media removed and the cells incubated with 1.9ml
10% DMSO (in PBS) for 1min. The cells were washed with 1ml PBS and incubated

with media.
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2.2.5.3.2. Polyethyleneimine (PEI) transfection

This is based on the method described by Boussif et al. (1995).

DNA to be transfected was mixed with a total volume of 50ul 150mM NaCl and
incubated for 10min. PEI was mixed with a total volume of 50ul 150mM NaCl at 3pl
PEI /ug DNA and incubated for 10min. The two solutions were mixed and incubated
another 10min, then added to 500ul optimem. Cells were washed with optimem, the
DNA / PEI / Opti-MEM mix added and the cells incubated at 37°C for 3-4h, then

incubated in media.

2.2.5.3.3. Preparation of cationic liposomes

This method is based on that described by Rose et al. (1991).

Dimethyldioctadecyl ammonium bromide (DDAB) was diluted to 4mg/ml in
clhoroform and 1ml was mixed with 1ml dioleoy! L-a-phosphatidyl ethanolamine
(DOPE, 10mg/ml in chloroform) and the chloroform evaporated with a stream of
nitrogen. The remaining mixture was lyophilised for 16h in a freeze drier and
resuspended in 10ml sterile distilled water by sonication in an ultrasonic bath
followed by a sonication probe on ice (constant duty cycle; power 5; 2-3min
intervals) until almost clear. The final suspension had a 1:2.5 ratio by weight of
DDAB to DOPE and could be stored at 4°C for up to one month.

2.2.5.3.4. Lipofection with in-house liposomes

The DNA to be transfected was mixed with 250ul optimem. 165ul liposomes were
mixed thoroughly and added to 2.75ml optimem. 250ul of the liposome / Opti-MEM
mix was added to DNA / Opti-MEM mix in a drop-wise fashion, the solutions mixed
thoroughly and incubated for 15min. A subconfluent monolayer of cells in a 35mm
dish was washed with 1ml PBS and the DNA / liposome mix added in a drop-wise
fashion, swirled to mix and incubated at 37°C for 3h. The cells were washed twice
with PBS and 1ml medium added.

2.2.5.3.5. Lipofection with Lipofectamine (Gibco BRL)

The DNA to be transfected was diluted in 100ul Opti-MEM. Five pl Lipofectamine
per reaction was added to Opti-MEM. The lipofectamine-Opti-MEM solution was
then added to the DNA-Opti-MEM solution and they were incubated at room
temperature for 45min. A monolayer of cells in a 35mm dish was washed with 1ml
Opti-MEM, then 800ul Opti-MEM was added to the DNA-Lipofectamine mix and this
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was applied to the cells in a drop-wise fashion. The cells were incubated for 3 to 5h,

the Lipofectamine mix was removed and 2ml media added to each dish.

2.2.5.4. Infection with vaccinia virus vTF7-3

Recombinant vaccinia virus vTF7-3 (Fuerst et al., 1986) was used to express T7
polymerase in cells.

A confluent monolayer of cells was washed with Opti-MEM and vaccinia virus added
as 4.2x10%pfu/35mm dish in 500ul optimem. The cells were incubated at 37°C for

1h, after which time they were ready for transfection.

2.2.6. Chloramphenicol acetyltransferase (CAT) assay and thin-layer
chromatography (TLC)

The CAT enzyme assay system is an adaptation of that described by Gorman et al.
(1982) and Cullen (1987).

Cells were scraped using a rubber policeman and pelleted by centrifugation at
13000rpm for 30s in a benchtop centrifuge. The pellet was washed in 400ul TEN
and centrifuged as before. The pellet was resuspended in 75ul 0.25M Tris, pH 7.5
and cells lysed by freeze-thawing three times on dry ice and at 37°C. Cell debris
was pelleted by centrifugation at 13000rpm for 5min and the cell extract incubated
with 1ul acetyl CoA, 1pul *“C-radiolabelled chloramphenicol and 13pl 0.25M Tris, pH
7.5 at 37°C for 2h. Two hundred and fifty pl ethyl acetate was added to the reaction,
mixed by vortexing for 30s and centrifuged at 13000rpm for 5min. The upper phase
was lyophilised and then resuspended in 25ul ethyl acetate before being applied to
a TLC plate (polygram SIL G; Machery-Nagel) which was placed in a tank
containing 95ml chloroform / 5mi methanol in a fume hood. When the chloroform /
methanol mix had reached the top of the TLC plate it was air-dried and subjected to

autoradiography for 16h.
2.2.7. Expression and analysis of radiolabelled proteins

2.2.7.1. Coupled in vitro transcription/translation reactions.

Cell-free protein synthesis was performed using the Quick TnT® Coupled
Transcription/Translation system (Promega).

Expression plasmids were added to reactions containing 10ul Quick TNT reaction
mix (consisting of a master mix of reaction components) and 0.5uCi **S-methionine.

The reaction volume was increased to 25ul with dH,0. The mix was incubated at
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30°C for 1h and then boiled in 10yl protein dissociation mix for 5min or used in an IP

assay.

2.2.7.2. In vivo protein labelling

A confluent monolayer of cells in a 35mm dish was washed with PBS, 1ml
methionine-deficient (met) Eagles A + B medium added, and the cells incubated at
37°C for 30min. The medium was removed and replaced with 1ml met” Eagles A + B
medium containing *S-methionine (100uCi/ml). The cells were incubated for
another 3h at 37°C, washed twice with PBS and subjected to IP or scraped into
200yl protein dissociation mix and subjected to SDS-PAGE.

2.2.7.3. Immunoprecipitation (IP) assay

One hundred mg protein A-sepharose beads (Sigma P3391) were added to 5ml IP
buffer and incubated for 16h at 4°C. The beads were pelleted by centrifugation at
2500rpm for 1min in a swing-bucket rotor and resuspended in 800ul IP buffer.
Radiolabelled cells in a monolayer in a 35mm dish were washed with PBS. The cells
were then scraped into 0.5ml PBS using a rubber policeman and pelleted at
13000rpm for 2min. The cells were incubated with 0.5ml IP buffer on ice for 30min
and the nuclei pelleted by centrifugation at 13000rpm for 5min. If the IP was
performed on a TnT reaction, the reaction was then supplemented with 0.5ml IP
buffer. Fifty ul of the supernatant was retained and added to 50ul protein
dissociation buffer to be used as an expression control; the rest was incubated with
50ul Pansorbin cells (Calbiochem-Novabiochem) at 4°C for 1-2h with rotation. The
Pansorbin was pelleted at 13000rpm for 30s and the supernatant incubated with
antibody (1ul commercial stock) at 4°C for 16h with rotation. Sixty pl pre-swollen
protein A-sepharose beads were added and the samples incubated a further 1h at
4°C with rotation. The beads were pelleted at 13000rpm for 30, washed with 300l
LiCl wash buffer three times and boiled in protein dissociation buffer for Smin before
being subjected to SDS-PAGE.

2.2.8. Miscellaneous techniques
2.2.8.1. Purification of synthetic oligonucleotides
Oligonucleotides synthesised on an automated synthesiser were supplied

immobilised on a matrix. They were purified from the matrix by slowly moving 1.5ml

ammonia though the matrix between two 2ml syringes over 1h. The solution was
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treated for 5-16h at 55°C to remove the base-protecting groups and then the
ammonia was removed by lyophylisation. The dried oligonucleotide pellet was
dissolved in 100l of dH,0O, mixed with 1ml of butanol and centrifuged for 10min in a
benchtop centrifuge. The butanol was then removed by evaporation and the pellet
resuspended in dH,0.

2.2.8.2. Production and transformation of competent bacterial cells

Transformation of competent bacterial cells was always performed within 24h of the
synthesis of the competent cells. Two hundred pl of E. coli strain DH5a or M15
[PREP4] were incubated in 50ml 2YT broth without antibiotics at 37°C with agitation
until the Agy, of the solution had reached 0.2. The bacteria were pelleted by
centrifugation at 3000rpm in a swing-bucket rotor for 10min and the pellet
resuspended in 2ml TSB, incubated on ice for 10min and divided into 200ul aliquots.
Plasmid DNA was added to an aliquot, mixed by flicking and incubated on ice
between 5 and 30min. Eight hundred pl TSB + glucose was added, mixed by flicking
and the bacteria incubated at 37°C for 1h. The bacteria were pelleted by
centrifugation at 13000rpm in a benchtop centrifuge for 30s and 800ul supernatant
removed. The pellet was resuspended in the remaining 200l and spread on an LB-
agar plate containing the appropriate antibiotic. The plate was incubated at 37°C for
16h.

2.2.8.3. Bacterial glycerol stocks

Duplicate glycerol stocks were made by mixing 200ul of a fresh overnight culture

with 200ul 80% (w/v) glycerol in sterile vials which were then stored at —70°C.
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Results and Discussion

Chapter 3: Development of RNA-N protein binding

assays

3.1. Introduction

By analogy to the nucleocapsid proteins of other negative-strand viruses, the BUN N
protein is believed to encapsidate the BUN viral RNA. This chapter describes the
development of assays to detect and analyse any encapsidation processes. From
experiments using the BUN minireplicon system the N protein was known to be
essential for transcription and replication of a synthetic viral mini-genome, and the BUN
S segment terminai sequences were determined to be sufficient to provide the viral
promoter and any encapsidation signals. These signals were mapped to the 32b at the
5' terminus and 33b at the 3’ terminus. It was therefore decided that an analysis of any
encapsidation mechanism should utilise these sequences.

An in-vivo approach was considered to be too restrictive to allow a detailed analysis as
it would not allow a precise dissection of the encapsidation events. For instance, a
mammalian three-hybrid system to investigate RNA-protein interactions in vivo would
allow the analysis of the binding of a single protein molecule to an RNA molecule, but
would not provide any information on the subsequent binding of proteins. In addition, it
could not easily be used to determine binding kinetics or to analyse the binding event
by biochemical methods.

An in vitro approach required the production of a relatively pure and soluble
recombinant N protein, the production of a relevant RNA and the development of
binding reactions and assays. It was decided to express the N protein as a 6xHis-
tagged protein in bacteria in order to purify it, and to generate the RNA as a

radiolabelled transcript in an in vitro transcription reaction.
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3.2. Expression and purification of N

3.2.1. Introduction to the expression and purification of 6xHis-tagged proteins

The Qia-Express system (Qiagen) consists of a series of vectors for the inducible
expression of recombinant proteins containing a tag of six histidine residues, termed a
6xHis tag. In the Qia-Express pQE system the gene for the protein of interest is cloned
downstream of a bacteriophage T5 promoter,which is regulated by two /ac operator
sequences, a synthetic ribosome binding site and a sequence for an N-terminal 6xHis
tag (Fig.3.1). Proteins are expressed in the E. coli K12-based strain M15[pREP4] which
contains the pREP4 plasmid encoding the /ac repressor protein expressed from the lac
| gene. lac represses the T5 promoter by binding to the /ac operator sequences. The
plasmid pREP4 also provides resistance to kanamycin. The /ac repressor is inactivated
by the addition of isopropyl-B-D-thiogalactoside (IPTG), resulting in the activation of the
T5 promoter and expression of the protein.

The purification of 6xHis tagged proteins is based on the affinity of histidine for nickel
ions, which it binds through its imidazole ring. The nickel is supplied bound to
nitrilotriacetic acid (NTA), coupled to Sepharose; His binds four of the Ni** ions’ six
ligand binding sites, leaving the other two free to bind His (Fig.3.2). Thus, the protein of
interest can be anchored to a Ni?*-NTA matrix through the binding of its His tag by
nickel. Elution of the protein from the matrix involves the addition of imidazole, which
competes with the imidazole ring present in the histidine residues for binding to the Ni**
ions (Fig.3.3).

3.2.2. Purification of N

The N ORF had previously been amplified by PCR and subcloned into the vector
pQE30 from the Qia-Express system (Fig.3.4). The resultant plasmid was designated
pQEBuUnN and allowed for expression of N with an N-terminal 6xHis tag. A factor Xa
protease recognition sequence had been engineered downstream of the tag sequence
to provide the opportunity for removal of the tag after purification. A pQE plasmid
encoding the N-terminal half of N with an N-terminal His-tag was constructed by
cleaving pQEBunN with restriction endonucleases Kpnl and Hindlil, blunting the ends
and re-ligating the plasmid (Fig.3.5). The resulting plasmid was designated pQENN.
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Fig.3.1. Schematic of a pQE expression plasmid. The protein of interest is
expressed with a 6xHis tag under the control of a TS5 promoter. The promoter is
repressed by the /ac repressor, expressed from the plasmid pREP4. On
induction, the /ac repressor is inactivated by IPTG, thus causing the promoter
to become active. Adapted from Qiagen (1997).
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Fig.3.2. Binding of His by a nickel ion anchored to NTA. Four of the nickel ion’s
six ligand binding sites are taken up in binding NTA, leaving two to bind His
residues in the 6xHis tag. Adapted from Qiagen (1997).
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Fig.3.3. Comparison of the molecular structures of imidazole and His. Nickel ions
bind His through its imidazole ring. Hence, imidazole can be used to compete for
binding to nickel ions and is used to elute the His-tagged protein from the matrix.
Adapted from Qiagen (1997).

PCR oligonucleotides:

Factor Xa
BamHI | E G R |
5'GCCGCGGATCCATCGAGGGAAGG ATTGAGTTGGAATTT
I E L E F

Bun N protein

Sall
5'GCCGCGTCGAC TTACATGTTGATTCCGAA
Bun N stop

Bam HI Sph | Sac | Kpn | Sma I/Xma | Sal | Pst | Hind Ili

SxHis 4 )

(187)

Bgl 1 (2590)

Xba | (1164}

Smal
Eco RI/ RBS 6xHis Bam Il Sph) Sacl. Kpn| Xmal Sall __ Pstli Hind
) ATGAGAGGATCGRERER) = -(GGATCCGCATGCGAGCYCGCfT'A(!CCCGGGTCGACCTGCAGCCAAGC

Fig.3.4. Previous construction of pQEBunN. The plasmid had been generated by
amplifying the N ORF by PCR and ligating into the BamHI and Sall sites of pQE30. A
factor Xa site had been engineered into the 5’ primer to facilitate removal of the
6xHis tag. Figure courtesy of RM Elliott.
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Fig.3.5. Construction of the plasmid pQENN. The plasmid pQEBunN
was cleaved with Kpnl and Hindlll, blunt-ended and re-ligated to remove
the C-terminal half of the N ORF from the Kpnl site. Thus, the resultant
construct would express only the N-terminal half of N up to the Kpnl site

in the cDNA.



Results and Discussion

The pQEBunN plasmid was transformed into E. coli M15[pREP4] and the bacteria
grown for three hours, induced with 10mM IPTG for a further three hours and lysed.
The N protein was purified from the lysate in its native form by liquid chromatography
using an Econosystem chromatography machine (Bio-Rad). To this end, the bacterial
lysate was loaded onto a Niz*-NTA/agarose column, the column washed and bound N
protein eluted with a linear gradient of 0-500mM imidazole. The optical density at
280nm of material eluted from the column was monitored with an ultra-violet
spectrophotometer which showed a peak of optical density (Fig.3.6). 1ml fractions of
the eluate were collected throughout the peak and checked for N protein content by
SDS-PAGE analysis and staining with Coomassie blue (Fig.3.7). The observed protein
was estimated to be the correct size for His-tagged N as it possessed slightly
decreased electrophoretic mobility to that previously observed for the 26.7kD non-
tagged N protein (probably mainly attributable to the positive charge of the His tag), and
was relatively free of contaminating bands. Fractions containing a large amount of N
were dialysed to remove the imidazole and stored at 4°C.

N was found to be highly soluble and stable both in bacteria and when stored at 4°C for
approximately three weeks after purification. The yield was high and the eluted protein
pure. Elution took place at imidazole concentrations above approximately 250mM,
suggesting that the His tag is not freely accessible for binding to the Ni**-NTA but rather
may be buried within the protein.

The plasmid pQENN was also transformed into E. coli M15[pREP4] and expression of
the product (termed NN) was induced using the same procedure as for the N protein.
NN was not purified as the expression levels were found to be too low to allow a useful

yield.
3.2.3. Characterisation of purified N

3.2.3.1. Western blot analysis of N and NN

Purified N protein or bacterial lysate from bacteria expressing N from pQEBunN or the
NN polypeptide from pQENN were subjected to analysis by Western blotting in order to
verify their identification. The proteins were not heated prior to SDS-PAGE unless
otherwise indicated. The monoclonal anti-pentaHis antibody (Qiagen), which recognises
a stretch of five consecutive His residues and should therefore detect the His tag, and
anti-BUN polyclonal antiserum raised against BUN virus in rabbits was previously
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Fig.3.6. Optical density of material eluted from the Ni-NTA sepharose matrix. Eluate

from a column loaded with lysate from bacteria expressing His-tagged N was observed
to reach a peak in optical density at 280nm at a point in the elution gradient
corresponding to an imidazole concentration of approximately 250mM. Fractions of the
eluate were collected throughout the peak period. Fraction numbers are indicated.
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Fig.3.7. Coomassie-blue stained 15% SDS-PAGE of fractions taken from the eluate.
The fraction numbers correspond to those in Fig.3.6. A band corresponding in size to
His-tagged N was resolved. Most of the protein appeared to be in fractions 6-10.
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shown to detect N (Watret et al., 1985). Both exclusively detected the same band when
low concentrations of eluate or lysate were analysed (Fig.3.8, lanes 1 and 6). The
bands were determined to be the same size as the band observed on Coomassie blue-
stained SDS-PAGE gels of eluate fractions (Fig.3.7). The eluted protein was hence
believed to be N. A significant amount of N was detected by anti-pentaHis in lysate from
uninduced bacteria expressing N, so it would appear that the TS5 promoter was leaky.
Lower bands in lane 3 were interpreted to be degradation products of the protein. This
was the only incidence of apparent degradation observed.

Western blotting of lysate from bacteria expressing NN with anti-pentaHis detected a
weak band of the expected size (Fig.3.8, lane 4). The level of expression of the protein
was found to be too low to allow purification of useful amounts.

On analysis of a ten-fold greater amount of N by Western blot using the anti-pentaHis
antibody, anti-BUN polyclonal antiserum or rabbit polyclonal antiserum raised against
purified N (anti-N) up to two additional bands of higher molecular weight became
apparent (Fig.3.8 lanes 3, 7 and 10, hollow arrows). All bands were absent in the
control lysate from bacteria transformed with empty pQE30 vector DNA (lanes 2 and 5).
The additional bands were thought to correspond to dimers and trimers of N,
suggesting that the recombinant protein was capable of multimerisation. However,
another explanation was that two or three N monomers were binding to the same piece
of RNA, which was acting as a bridge between them and thus responsible for the bands
of apparent dimers and trimers. This theory was tested by incubating the purified
protein with 5mg/ml RNase A, approximately 5000-fold more than necessary to digest
RNA in nucleocapsids (section 4.3.2), before subjecting it to analysis by Western
blotting with anti-BUN antiserum. The intensity of the bands of higher molecular weight
was unaffected by the RNase treatment (lane 8, compare with lane 7). In addition, the
intensity of the band of higher molecular weight detected by anti-N was reduced on
boiling of the sample for 2min (lane 9). It is possible that it was a heat-sensitive protein,
but taken with the fact that it was detected by all antibodies implies that the higher

bands were multimers of N.

3.2.3.2. Attempts to cleave the 6xHis tag

The introduction of a factor Xa protease recognition sequence between the His tag
codons and the N ORF in pQEBunN allowed the possibility of cleaving the 6xHis tag
from the purified N protein (Fig.3.4). Purified N was incubated with factor Xa for 3, 6 or
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Fig.3.8. Western blots of N and NN. 220 or 2200ng N, lysate from bacteria
containing pQE plasmids containing N, NN, or the empty parent plasmid
(mock, lanes 2 and 5) were subjected to SDS-PAGE on a 20% (lanes 1 to 4)
or 15% (lanes 5-12) gel. A Western blot was performed with monoclonal anti-
pentaHis antibody (1:1000), which detects five consecutive His residues
(lanes 1 to 4), rabbit polyclonal antiserum raised against BUN (1:500) (lanes
5 to 8), and rabbit polyclonal antiserum raised against purified N (1:200)
(lanes 9 & 10). A band corresponding to His-tagged N was detected by all
antibodies when N was present but not in the mock samples. In the lanes
containing a large amount of N bands of higher molecular weight were
detected by all antibodies (lanes 3, 7 and 10, indicated with a hollow arrow).
These bands were found to be unaffected by treatment with 5mg/ml RNase
A (lane 8) but were partially sensitive to boiling (lane 9), suggesting that they
are multimers of N. The multiple bands present below the major band in lane
3 are presumed to be degradation products of N. Lane 4 is a Western blot of
lysate from bacteria expressing the NN polypeptide using anti-pentaHis
antibody. A band of the expected size was resolved (indicated by a solid
arrow) but is significantly less intense than that observed for N, suggesting

that the polypeptide was expressed at a lower level.
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24h under different conditions and then analysed by Western blotting using polyclonal
antiserum raised against BUN (Fig.3.9). The size and charge of the His tag had
previously been shown to alter the electrophoretic mobility of N sufficiently to allow the
forms of the protein with and without the His tag to be distinguished on SDS-PAGE (RM
Elliott, personal communication). However, even after a 24h treatment with factor Xa no
change in electrophoretic mobility was observed, leading to the assumption that the tag
was not cleaved. This could be explained by the cleavage site being buried within the
molecule, similarly to the His-tag (section 3.1.2).

It might have been possible to remove the tag by denaturing the protein to make the
cleavage site accessible to the protease. However, all previous attempts to renature N
once it was denatured had failed (RM Elliott, personal communication). The presence of
the His-tag was not considered to be important. The tag is uncharged at physiological
pH and does not generally affect the structure or function of purified proteins (Qiagen,
1997).

3.3. Generation of radiolabelled transcripts

3.3.1. Introduction

In order to investigate the binding of N to the termini of the BUN S segment it was
necessary to generate an RNA transcript containing the appropriate sequences. The
ideal transcript would be small so as to aid resolution of structures in gel mobility shift
assays and would contain the precise segment terminal sequences. From experiments
using the BUN reverse-genetic minireplicon system it had previously been determined
that the initial 5 32 and 3’ 33 bases of the BUN S segment were sufficient to direct
encapsidation and transcription of the reporter gene that they flanked. The DNA
template chosen to generate radiolabelled transcripts for analysis of N-RNA binding
was a construct based on the vector pUC118 and had been used as an intermediate
step in making the reporter construct for the reverse genetic system, termed
pT7BUNS5'(32)/3'(33) (Fig.3.10; Dunn, 2000). On linearisation with the restriction
endonuclease Bbsl the plasmid could be used in run-off transcription reactions to
generate a 69nt RNA transcript consisting of the precise 32 bases of the 5" and 33
bases of the 3 terminal sequences of BUNS with a 4-base linker region, termed
BUNS5’(32)/3'(33). The precise 5’ terminus was generated by means of a truncated T7
promoter lacking the final GGG motif. The T7 polymerase was thereby forced to initiate
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Fig.3.9. Attempts to cleave the His tag from purified N. N was treated with
factor Xa under different conditions (A, B, C) for 3, 6 or 24 hours and subjected
to SDS-PAGE on a 15% gel. A Western blot was performed with anti-BUN
polyclonal antiserum. No change in the electrophoretic mobility of the protein
was observed after treatment with the protease, indicating that the tag had not

been removed.
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Fig.3.10. Generation of BUNS5'(32)/3'(33) RNA. The plasmid
pT7BUNS5'(32)/3'(33) was linearised with Bbsl. Run-off in vitro transcription
initiated from the plasmid’s modified T7 promoter and terminated at the Bbsl
cleaved site. The resulting transcript consisted of the precise first 32 bases and
33 bases of the 5’ and 3’ terminal sequences of BUNS, respectively, linked by a

4-base sequence.

First A1rSt GFirst U Fire -

.
s AGUAGUGUGCUCCACCUA...

Position 12 3 4 5 6 7 8 9 101112 1314 151617 18...

Fig.3.11. Sequence of the 5’ end of BUNS5'(32)/3'(33) RNA. The first C is located
at position 10, whereas the other bases are all incorporated in the first three
positions. It is beneficial to use C as the limiting NTP to avoid abortive

transcription initiation.



Results and Discussion

transcription with the first base of the template sequence and not with one of the final
Gs. The precise 3’ terminus was formed by digesting the plasmid with Bbsl. The
recognition site of Bbsl is remote from its cleavage site. Note also that in the template
DNA the hinge region between the two terminal sequences comprises part of an intact
Smal site that could be used for linearisation of the plasmid at this point to allow run-off

transcription to generate only the 5’ 32 bases of BUNS.

3.3.2. Optimisation of transcription conditions

Generation of short radiolabelled transcripts by in vitro transcription is technically
challenging due to the large number of transcription initiation events that must take
place to make a relatively low mass of RNA, as initiation is the limiting factor in
transcription. The sequence of the RNA was analysed in order to determine the best
radiolabelled NTP to use (Fig.3.11). CTP was chosen as the best NTP because it is the
last of the four NTPs to be incorporated, the first C appearing at base 10. The
radiolabelled NTP would be the limiting NTP, particularly when generating short
transcripts which benefit from an otherwise high concentration of NTPs, and attempts to
incorporate a limiting NTP too soon after transcription initiation were thought to possibly
result in misincorporation or abortive initiation of the transcription at that position. The
optimal specific activity of the radiolabelled NTP is that which will allow a high specific
activity of transcript whilst allowing a useful mass of transcript to be produced. Thus, an
NTP with a specific activity of 400Ci/mmol will allow for a greater mass of transcript of
lower specific activity than will an NTP with 800Ci/mmol. However, others generating
radiolabelled transcripts of similar sizes had found that using NTPs with specific
activites up to 3000Ci/mmol was possible (P Yeo, personal communication).
3000Ci/mmol was found to be sufficient in this case and therefore chosen as the
appropriate specific activity of the 3?P-CTP.

Initial attempts to generate the BUNS5'(32)/3'(33) radiolabelled transcript utilised the in
vitro transcription kit from Promega, using the standard protocol. In order to visualise
the reaction product the RNA was extracted from the reaction using acid
phenol:chloroform, ethanol precipitated in the presence of ammonium acetate,
denatured and subjected to analysis by denaturing PAGE (Fig.3.12). The result was a
small amount of transcript and a large pool of unincorporated radiolabelled NTPs that
ran towards the bottom of the gel. After numerous attempts were made over a range of
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Fig.3.12. Comparison of the products of in vitro transcription. The products of
reactions using the Promega in vitro transcription kit or Ambion
MEGAshortscript T7 kit were phenol.chloroform extracted, subjected to
denaturing PAGE on a 6% gel and analysed by autoradiography. When the
MEGAshortscript kit was used the majority of CTP was incorporated into full
length product, whereas very little was incorporated when the Promega kit was

used.
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conditions it became apparent that the kit was unable to support transcription of a 69-
base radiolabelled transcript. To attempt to increase the yield of transcript the
MEGAshortscript T7 kit (Ambion) was utilised. The kit is specifically designed for high-
yield transcription of RNA between 20 and 200 bases in length and achieves this by
supplying the NTPs and the T7 polymerase at high concentrations, thereby allowing
more transcription initiation and fewer premature transcription termination events per
mass unit of DNA template. The transcription plasmid is also added at a high
concentration to increase the concentration of template in the reaction, and reaction
times are typically longer to increase yield. Due to its reliance on high concentrations of
reaction components the kit is not designed for the production of radiolabelled
transcripts, in which the limiting NTP must be at a lower concentration than the other
NTPs; however, the kit had previously been used successfully for this purpose by
others (P Yeo, personal communication). Use of the MEGAshortscript T7 kit to generate
radiolabelled BUNS5'(32)/3'(33) immediately resulted in much higher yields than the
Promega kit (Fig.3.12). Incomplete linearisation of the transcription template prior to
transcription results in the generation of unwanted longer transcripts not produced by
run-off transcription. Analysis of the reaction products by denaturing PAGE indicated
that such transcripts were absent due to complete restriction digestion by Bbsl.

The final optimisation step concerned the concentration of unlabelled limiting NTP, in
this case CTP. This NTP must be at a relatively low concentration to allow for
incorporation of the radiolabelled NTP, otherwise it would affect the specific activity of
the final product. However, if its concentration were too low, the result would be a low
yield due to insufficient quantities of CTP present in the reaction mix. A concentration of
unlabelled CTP 1000-fold lower than that of the non-limiting NTPs was found to yield a
sufficient mass of high specific-activity transcript (see Materials and Methods). Typically
each reaction produced approximately 10ng of BUNS5’(32)/3'(33) transcript with a

specific activity of at least 1x10%cpm/ug.

3.4. Development of RNA-N protein binding assays

3.4.1. Northwestern blot analysis

In order to establish whether purified N was capable of binding the BUNS terminal

sequences it was necessary to set up in vitro RNA-protein binding assays. The binding
buffer chosen for use with N was modified from the buffer used by Gétt et al (1993) to
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investigate binding of RNA by hantavirus N protein (the NaCl concentration was
increased to 150mM to strengthen any interaction that were to take place).
Northwestern blot analysis is a useful tool for determining whether a protein binds RNA
because it is simple, rapid, and can be used to check the conditions necessary for
binding as well as the identification of the molecule binding the RNA. N was subjected
to SDS-PAGE and immobilised on a nitrocellulose membrane as during a Western blot.
The membrane was incubated with BUNS5'(32)/3'(33) riboprobe in binding buffer,
washed and exposed to film (Fig.3.13, lane 1). A single band was observed at the same
size as the band detected on Coomassie blue-stained SDS-PAGE (Fig.3.7) and
Western analysis of purified N (Fig.3.8). It was interpreted as the riboprobe binding to
the N protein on the membrane. The band was not present in lysate from bacteria
containing the empty pQE30 vector (Fig.3.13, lane 2).

3.4.2. Gel electrophoretic mobility shift assay (GEMSA)

GEMSA is a tool for analysing RNA-protein interactions, allowing interactions between
multiple molecules to be visualised. The principle behind GEMSA is that a nucleic acid
will run with decreased electrophoretic mobility (‘shift’) on a non-denaturing gel when
complexed with a protein. Naked RNA can therefore be distinguished from complexed
RNA by this technique. Binding assays between N and BUNS5’(32)/3'(33) riboprobe
were set up using the binding buffer from Goétt et al. (1993) that had been shown to
work in Northwestern analysis. Reactions were run on a 6% non-denaturing
polyacrylamide gel strengthened with 5% glycerol and subsequently analysed by
autoradiography (Fig.3.14). The riboprobe was found to run towards the bottom of the
gel after electrophoresis for 3h at 150V. Subsequently these gels were run for 2h at
200V at 4°C. Initial results yielded a shift of the riboprobe into two bands with decreased
electrophoretic mobility on addition of N. The protein was shown to saturate the
riboprobe, i.e. was able to shift it completely at high concentrations of N in the reaction.
When lysate from control bacteria containing only the parent plasmid pQE30 and
subjected to the same purification regime as N was used in binding reactions in the
place of N, no mobility shift resulted, implying that the observed shift was attributable to
N (Fig.3.14).
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Fig.3.13. Northwestern blot analysis of N-RNA binding. N was subjected
to SDS-PAGE on a 15% gel, blotted and probed with BUNS5’(32)/3'(33)
riboprobe (lane 1). A band corresponding to N was observed (arrow). No
band was detected in lysate from bacteria containing empty pQE30 (lane

2).
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Fig.3.14. Preliminary GEMSA. The gel shows that N is able to shift the
riboprobe into higher bands. Binding reactions containing 100pg riboprobe
and different concentrations of N were subjected to non-denaturing PAGE
on a 6% gel and analysed by autoradiography. N was found to saturate
the riboprobe, which was shifted into two bands and a smear towards the
top of the gel. Lysate from bacteria containing empty pQE30 plasmid and
subjected to the same purification regime as N was unable to cause a
shift in the mobility of the riboprobe (‘mock’).
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3.4.3. Optimisation of binding conditions

3.4.3.1. Effect of pH on binding by N

The optimal pH for RNA binding by N was investigated. Binding reactions were
performed over a range of different pH conditions and run on a non-denaturing gel as
before (Fig.3.15). Mobility shifts appeared to occur at and above pH 6.9. Below pH 6.9
no shifts were observed but the riboprobe appeared to be degraded. It is possible that
the rRNasin ribonuclease inhibitor, which works by binding RNases in a 1:1 ratio, was
affected by low pH and inactivated, causing the riboprobe to be digested by any
RNases present in the protein stock. pH 7.3 was chosen for further work as it is far
enough removed from pH 6.9 to allow for slight changes in pH to occur without affecting

binding.

3.4.3.2. Effect of ionic strength on binding by N

To investigate the effect of salt concentration on binding, reactions containing 100pg
riboprobe and 54ng/ul N were incubated in binding reactions containing 150mM-2M
NaCl and 0-20mM MgCl,. The reactions were analysed by GEMSA on a 1% agarose
gel (Fig.3.16) to allow comparison with recent studies on the binding of turnip crinkle
virus coat protein and, more recently, TSWV N protein to RNA under various ionic
conditions (Wei & Morris, 1991; Richmond et al., 1998). It was apparent that binding
took place in all ionic conditions tested, as shown by the absence of the band
corresponding to free riboprobe in each case. In the case of NaCl, concentrations of
500mM and above resulted in a smearing of the riboprobe up the gel. This was believed
to be an effect of the high salt conditions on the mobility of the complex through the gel,
and was also observed by Wei & Morris (1991). As higher salt concentrations did not
appear to affect RNA binding by N, the ionic conditions in subsequent binding reactions
were unaltered from those originally used (150mM NaCl; 5mM MgCly).

3.4.3.3. Use of frozen protein preparation

It would be useful to be able to freeze the purified N protein preparation to increase the
time that it is active and thus avoid repeated purification procedures and discrepancies
between different preparations. To this end, aliquots of purified N were frozen in 25%
glycerol in aliquots at —70°C and subsequently thawed slowly on ice and used in binding
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Fig.3.15. Effect of pH on binding reactions. Binding reactions containing 100pg
riboprobe, 28ng/ul N and with a range of pH conditions were analysed by
GEMSA on a 6% gel as before. Significant mobility shift was not observed
below pH6.9 but the free riboprobe was heavily degraded under these
conditions, suggesting that the RNase inhibitor was inactive in these reactions.
Binding was observed from pH 6.9 to pH8, apparent as a mobility shift of the
riboprobe.
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Fig.3.16. Effect of ionic strength on complex formation. Binding reactions

M NaCl mM MgCl,

containing 100pg riboprobe and N at 54ng/ul were incubated with different
concentrations of NaCl or MgCl, and run on a 1% agarose gel. No free
riboprobe was present under any conditions, implying that binding can take
place in a wide range of concentrations. The smear observed at high
concentrations of NaCl is presumed to be due to the effect of high salt
concentrations on the mobility of the complex through the gel.
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reactions. On analysis of the reactions by GEMSA it was found that the protein was still
capable of causing a mobility shift of the riboprobe but no saturation of the riboprobe
could be achieved, even at much higher concentrations of N than previously used
(Fig.3.17). The different banding pattern to that seen previously was subsequently
discovered to be dependent on the individual protein stock and different gel-running
conditions and was not a result of the protein having been frozen. The fact that N was
still able to cause a shift but unable to saturate the riboprobe suggested that the
concentration of active molecules in the preparation had decreased, presumably
through being damaged during the freezing and thawing processes. As the frozen N
stock was clearly not behaving identically to the fresh preparation it was not used

subsequently.

3.5. Summary
This chapter can be summarised as follows:

o 6xHis-tagged BUN N protein was expressed in bacteria and purified in its native
form by nickel affinity chromatography in large-scale preparations.

» Analysis of N by SDS-PAGE and Western blotting indicated that purified N was pure
and ran with the expected electrophoretic mobility. N could be detected by an antibody
to the His-tag and by rabbit polyclonal antiserum raised against BUN.

e The approximate N-terminal half of N was also expressed in bacteria and was
detected by an antibody to the His-tag in bacterial lysate, but expression levels were too
low for purification of significant amounts.

e Analysis of large amounts of unheated, purified N by Western blotting using an
antibody to the His-tag and polyclonal antisera raised against BUN or N indicated the
presence of higher molecular-weight bands that were not affected by RNase treatment
but were partially sensitive to boiling, leading to their identification as putative multimers
of N.

e The His-tag could not be cleaved by treatment with factor Xa despite the presence
of an appropriate site between the tag and the protein. Hence, this region of the
polypeptide was suggested to be inaccessible to the protease.

e A 69nt, 3P CTP-labelled riboprobe designated BUNS5'(32)/3'(33) and consisting of
the terminal 32nt of the 5’ and 33nt of the 3’ termini of the BUN S segment joined by a
short linker region was generated by in vitro transcription, and the transcription

conditions optimised.
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Results and Discussion

e Binding reactions were performed containing BUNS5'(32)/3'(33) and N.
BUNS5’(32)/3'(33) was found to bind exclusively to N on analysis by Northwestern
blotting.

» Gel electrophoretic mobility shift assays (GEMSA) were developed to investigate N
binding to BUNS5’(32)/3'(33), and saturation of the riboprobe by N in binding reactions
was demonstrated.

¢ Binding could be detected at pH6.9 and above, and was found to take place over a
wide range of ionic conditions.

¢ N stored at —70°C was found to be incapable of saturating the riboprobe and its use

was therefore discontinued.
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Chapter 4: Analysis of N-RNA binding

In the previous chapter it was shown that purified recombinant N protein could bind a
synthetic RNA containing the BUNS termini, and the binding event could be visualised
as a shift in the electrophoretic mobility of the RNA on a non-denaturing gel. In this
chapter the techniques developed above are applied to analyse the encapsidation
process.

4.1. Analysis by GEMSA

4.1.1. Analysis of binding by polyacrylamide GEMSA

A polyacrylamide GEMSA of binding reactions using a different N protein stock than
that used in Fig.3.14, run at 200V for 2h at 4°C, resulted in the production of multiple
mobility shift bands (Fig.4.1). At low concentrations of N a proportion of the riboprobe
was shifted into a single band of decreased electrophoretic mobility. When the
concentration of N was increased a ladder of multiple distinct bands was resolved. On
saturation, the riboprobe was shifted diffusely towards the top of the gel. A ladder of
bands in GEMSA has been reported to be indicative of sequential filling of muitiple
binding sites on RNA (Black et al., 1998). The ladder-like profile would therefore appear
to be composed of distinct N-RNA complexes, presumably due to different numbers of
N molecules binding the riboprobe. It might therefore be representative of an
intermediate step in the sequential binding of N along the RNA.

This particular gel was limited by its inability to resolve saturated complexes.
Nucleoprotein-RNA complexes from other viruses have previously been observed to be
unable to enter the gel due to their increased size and extensive charge or insolubility, a
phenomenon known as ‘well-shift’, and has been observed for instance with hantavirus
N-RNA complexes (Gétt et al., 1993). This occurrence is also indicative of aggregation
of the protein at high concentrations. During optimisation of gel-running conditions a
GEMSA had been produced showing resolution of saturated N-RNA complexes within
the gel (Fig.4.2). The majority of saturated complexes was observed to have run into
the gel and form discrete bands just below the wells. It would therefore appear that N
protein at concentrations high enough to saturate the RNA does not aggregate and
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Fig.4.1. GEMSA showing shifting of the riboprobe into a ladder of higher
bands. Reactions containing 100pg riboprobe were subjected to analysis on
a 6% gel. The riboprobe was shifted into a single band of decreased mobility
by a low concentration of N. At higher concentrations the riboprobe was
shifted into multiple complexes in a ladder-like profile typical of sequential
binding. On saturation the riboprobe was shifted towards the top of the gel.
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Fig.4.2. GEMSA showing localisation of riboprobe saturated with N below
the wells. Binding reactions containing 100pg riboprobe were subjected to
analysis on a 6% polyacrylamide gel. The presence of saturated riboprobe
below the wells indicates that saturated complexes are soluble and small

enough to enter the gel matrix.
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complexes are small enough to run into the gel matrix. Despite multiple attempts the
exact gel conditions to produce this particular shift could not be repeated.

4.1.2. Analysis by agarose GEMSA

Groups that had experienced well-shift of large or insoluble complexes had resorted to
using agarose gels to resolve them (e.g. Gott et al., 1993). To attempt to gain a more
detailed view of saturated N-RNA complexes, binding reactions using the same protein
preparation and identical to those used in the polyacrylamide GEMSA in Fig.4.1 were
run on a 1% agarose gel and detected by autoradiography (Fig.4.3). As with the
polyacrylamide GEMSA the riboprobe was found to run towards the bottom of the gel.
In the presence of N the riboprobe was shifted into at least one complex, resolvable as
one diffuse band. Even at N protein concentrations well above the saturation point the
complex was observed to run a long way into the gel. Of particular interest is the fact
that on saturation of the riboprobe, the complexes reached a finite maximum size which
was unaffected by an increase in N protein concentration. When N was replaced with
bovine serum albumin (BSA) in binding reactions, no mobility shift resulted. This implies
that the shift is specific for N.

4.1.3. Concentration-dependency of binding

The saturation point in the binding of N to RNA has thus far been defined as the lowest
concentration of N at which all of the RNA shifted into complexes in a GEMSA.
However, at this point N is not necessarily saturated by the RNA, i.e., N may possess a
capacity for binding more RNA than that available to it at the saturation point. Binding
reactions were set up containing 100pg riboprobe and N at a concentration 3-fold above
that necessary to achieve the saturation point previously determined (to allow for
experimental discrepancies) plus different amounts of unlabelled BUNS5'(32)/3'(33), i.e.
homologous unlabelled RNA. Reactions were subjected to agarose GEMSA (Fig.4.4).
On the resulting gel reactions with increasing mass of RNA are shown from left to right.
The point at which the protein was no longer able to saturate the RNA was indicated by
the appearance of discernible free riboprobe at the bottom of the gel. This was
observed first in a reaction containing 50ng of unlabelled homologous RNA,
corresponding to a 500-fold mass excess over the riboprobe. Hence, with a three-fold
increase in concentration of N above that at which it is only just capable of saturating
100pg of RNA, its capacity for binding RNA increased almost 500-fold. This was
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Fig.4.3. Agarose GEMSA. Binding reactions identical those used in
Fig.4.1 were run on a 1% agarose gel and analysed by autoradiography.
The riboprobe was shifted into a single band that ran well into the gel. The
band reached a finite maximum size on saturation of the riboprobe with N.
Replacement of N with 500ng BSA in the binding mix did not result in a
mobility shift (BSA lane).



Fig. 4.4. Agarose GEMSA showing the point of saturation of N with RNA. Binding
reactions containing 100pg riboprobe, different amounts of unlabelled, homologous
RNA and 54ng/ul N were analysed on a 1% agarose gel. At this concentration N was
able to saturate 40ng but not 50ng of RNA, observable as free riboprobe in reactions
containing at least 50ng RNA but not in those containing 40ng or less. To clarify the
point of saturation on the gel it was exposed to a phosphorimager screen and scanned
using a phosphorimager. The relative density of the bands in the digital picture was
then analysed by image analysis software (lower images). Densities were plotted along
horizontal and vertical axes depicted on the image. The plot for the horizontal axis is
shown at the top, the plot for the vertical axis at the side. The horizontal axis was
positioned at the same height as the lower band of free riboprobe; its plot indicates the
amount of free riboprobe in each lane of the gel. A peak in density can be seen at 50ng
RNA and not below. The vertical axis was placed along the lanes corresponding to
reactions containing 30 or 90ng homologous RNA. Its plot demonstrates an increase in
density at the position in which free riboprobe is expected to run at 90ng RNA but not at
30ng RNA, indicating that the increased density observed in the horizontal plot is due to
free riboprobe.
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interpreted as indicating that the ability of N to bind RNA is dependent on its

concentration, which suggests there is co-operativity in the binding event.
4.2. Analysis by filter-binding

4.2.1. Binding kinetics

Whilst effective at providing an image of N binding to the RNA, GEMSA does not allow
easy quantification of the degree of binding, particularly when multiple binding sites are
present. Quantification would be possible by excising gel fragments containing bands
and analysing these by scintillation counting but the diffuse nature of bands, their
tendency to overlap, the loss of some complexes from the gel due to well-shift and
quenching by the gel matrix make quantification technically difficult and inaccurate.
However, filter-binding provides a highly quantifiable measurement of the extent of
binding. The data obtained can be analysed by mathematical techniques.

Filter-binding operates on the premise that protein is immobilised on a nitrocellulose
filter of appropriate charge, whereas nucleic acids pass through it. Thus, in an assay
concerning the binding of a protein to a radiolabelled nucleic acid, the amount of nucleic
acid bound is detectable as the amount of radiolabel immobilised on the filter by the
association of the nucleic acid with the protein. N-RNA binding reactions were passed
under vacuum through a nitrocellulose filter that had been pre-soaked in binding buffer.
The filter was washed with binding buffer and the amount of RNA retained on it
determined by Cerenkov counting. The data were plotted as concentration of N against
percentage binding, with the highest number of counts obtained taken as 100%
(Fig.4.5). The resulting curve reflected the kinetics of N binding to RNA, with an
increase in N protein concentration corresponding to an increase in binding as
expected. The saturation point was determined as the point at which no further binding
could take place, namely 7x107M, or 18ng/ul. This differs from the saturation point
determined from GEMSA analysis and may be due to complexes dissociating more
easily on GEMSA analysis. The dissociation constant, ky, is a measurement of the
strength of binding. It was calculated as Y2V, or half the protein concentration
necessary to yield half-maximal binding, which is approximately 7x10®M. This indicates

a relatively strong interaction.
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Fig.4.5. Kinetics of N binding BUNS5’(32)/3’(33) RNA. Reactions containing 100pg
were subjected to filter-binding and background counts subtracted. The dissociation
constant ky was calculated as 1/2Vax, Which is approximately 7x10°M. Error bars

indicate the standard deviation.
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Fig.4.6. Hill plot analysis of N binding BUNS5’(32)/3'(33) RNA. The data obtained from
filter-binding in Fig.4.5 were plotted as log [N] in nM against log [PR}J/[R], where PR is
bound riboprobe and R is free riboprobe. Data points from the extremes of the binding
curve were excluded because they correspond to the first and final binding events.
Linear regression analysis was performed, and the gradient of the resultant line
calculated as approximately 1.66, indicating a low degree of co-operativity.
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4.2.2. Co-operativity of the binding event

Co-operativity is the influence of the binding of a protein to a binding site on the binding
of subsequent proteins to separate sites. It can be positive, thereby facilitating the
binding of subsequent proteins, or negative, in which case there is an inhibitory effect
(Black et al., 1998). The degree of co-operativity can be measured by performing a
mathematical analysis of binding data and plotting the results as a Hill plot, in which log
[protein] is plotted against log ([bound riboprobe] / [free riboprobe]). Performing linear
regression on the data yields a best-fit line through the data points. The gradient of the
line is termed the Hill coefficient and is a measure of the degree of co-operation
between sites. The coefficient is a measurement of the theoretical number of sites that
can be bound co-operatively. Thus, a value above 1 indicates a positive co-operation,
whereas a value below 1 means that there is negative co-operativity. A value of exactly
1 implies a lack of co-operativity, i.e. that only one protein is binding or that all sites are
filled independently of one another.

The binding data obtained from filter-binding were subjected to Hill plot analysis as
described above (Fig.4.6). Data points taken from the extremes of the binding curve
were excluded from the analysis as they represent binding of the first and final proteins,
which cannot be co-operative (Creighton, 1993). The only binding events that can be
co-operative are those represented by the middle of the binding curve. The resultant Hill
coefficient, calculated as the gradient of the best-fit line by Excel, was approximately

1.7 which indicates a low degree of positive co-operativity.

4.3. The authenticity of in vitro assembled complexes

4.3.1. Determination of the buoyant densities of N-RNA complexes

Authentic nucleocapsids purified from infected cells have been reported to band at
1.31g/ml in a 20-40% CsClI gradient (Obijeski & Murphy, 1977). This property could be
used to judge whether the synthetic N-RNA complexes formed in in vitro binding
reactions share some properties with authentic nucleocapsids. Instead of using the
time-consuming conventional method of creating CsCl gradients which involves mixing
changing concentrations of 20% and 40% solutions together as the gradient is made, a
Gradient Master machine (Biocomp) was used. To make the gradient 20% CsCl was
layered below an equal volume of 40% CsCl, the tube was sealed and air bubbles
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removed. The solutions were then mixed by rotation of the tube by the machine at a
pre-determined speed, angle and time. As the method will not necessarily yield a linear
gradient, the first gradient was fractionated and the density of representative fractions
determined. The first gradient was found to be significantly non-linear (Fig.4.7a). When
the time and angle of rotation were increased an almost linear gradient was produced,
which was thought to provide greater accuracy in measuring the density of complexes
run on the gradient (Fig.4.7b). After centrifugation the gradient was found to span
densities of approximately 1.21 to 1.42g/ml (Fig.4.7c).

To make the result as representative as possible, the entire BUN S segment RNA was
used in binding reactions instead of BUNS5'(32)/3'(33). A *P-labelled riboprobe,
consisting of the precise BUN S segment RNA, was transcribed by run-off transcription
from a PCR product consisting of the entire S segment cDNA downstream of a modified
T7 promoter. The PCR product was generated by amplifying the S segment cDNA and
T7 promoter of the plasmid pT7riboBUNS using primers to the T7 promoter and 3’ end
of the cDNA (Fig.4.8). The riboprobe was incubated with N in a binding reaction, which
was then layered onto a sucrose cushion on top of the gradient and subjected to
ultracentrifugation for 16h. A duplicate gradient to which a control binding reaction
lacking N had been added was also run. The gradients were fractionated from the
bottom and fractions subjected to TCA precipitation to remove degraded RNA and
screened for RNA content by Cerenkov counting. The resultant graphs show that the
naked RNA was located towards the bottom of the gradient (Fig.4.9b), whereas the
RNA present in binding reactions with N was localised at the top of the gradient
(Fig.4.9a). Apparently, most of the complexes banded with a density of 1.25g/ml or

lower.

4.3.2. Resistance to digestion with ribonuclease

Another property of viral nucleocapsids purified from infected cells is a limited
resistance to digestion of the RNA with ribonuclease (Hacker et al., 1989; Kolakofsky &
Hacker, 1991; Obijeski et al., 1976b). It was considered possible that the authenticity of
N-RNA complexes formed in binding reactions could also be tested by analysing the
effect of ribonuclease treatment on them. Binding reactions with 100pg
BUNSS5'(32)/3'(33) riboprobe and containing or lacking 54ng/ul N were incubated with a
range of RNase A concentrations, then the riboprobe RNA extracted and subjected to
denaturing PAGE (Fig.4.10). All reactions contained 20U of rRNasin RNase inhibitor
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Fig.4.7. Optimisation of CsCl gradient formation. Gradients were made using a
Gradient Master (Biocomp) and the densities of representative fractions
determined. An initial attempt using an angle of rotation of 65° for 2min 19s at
25rpm yielded a highly non-linear gradient (a). Mixing of the two CsCl solutions
was increased by changing the conditions to an angle of 70° for 4min at 25rpm.
The resulting gradient was almost totally linear (b), allowing increased accuracy in
determining the buoyant density of complexes analysed on the gradient. After a
gradient had been subjected to centrifugation the densities of fractions indicated
that it remained relatively linear and spanned approximately 1.21 to 1.42 g/ml (c).
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Fig.4.8. Generation of full-length S segment RNA. The entire S segment
cDNA in pT7riboBUNS plus the T7 promoter upstream of the cDNA were
amplified by PCR. The precise S segment transcript was then generated by

run-off transcription of the PCR product.
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Fig.4.9. Determination of the buoyant density of N-RNA complexes. In vitro
assembled complexes consisting of 54ng/ul N and full-length S segment
riboprobe (a) or free riboprobe (b) were run on 20-40% CsCI gradients. The
gradients were fractionated, degraded RNA removed by TCA precipitation
and the amount of RNA in each fraction determined by Cerenkov counting.
The free riboprobe accumulated at the bottom of the gradient (b), whereas
complexed RNA accumulated at a density lower than 1.25g/ml (a).
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Fig.4.10. Resistance of N-RNA complexes to digestion with RNase A. Naked
riboprobe (odd-numbered lanes) or riboprobe complexed with N (even-numbered
lanes) was treated with RNase A at the concentrations indicated,
phenol:chloroform extracted and analysed by denaturing PAGE on a 6% gel. At
1ug/ml the naked RNA was almost completely digested (lane 7) whereas the
complexed RNA appeared almost fully resistant (lane 8). At concentrations above
this all full-length RNA was digested (lanes 9-12). However, a band of low
molecular weight was observed in these lanes implying that there is a highly-
resistant motif in both naked and complexed RNA.
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(Promega), which is required to inhibit any RNases present in the protein stock; this
amount of rRNasin was considered to exert a nominal effect on the amount of RNase A
added (1U of rRNasin inhibits 5ng of RNase A by 50%; Promega). The N-RNA
complexes were observed to be fully resistant to digestion by up to 1ug/ml RNase A,
despite the naked RNA being almost completely degraded at this concentration.
Incubation of the complex with concentrations of RNase A greater than 1ug/ml resulted
in digestion of the RNA. Although the full-length RNA was completely digested, a small
band was still visible at the bottom of the gel at RNase A concentrations up to 5ug/ml.
This band appeared to be resistant to high concentrations of RNase A and is thus likely
to be double-stranded as RNase A can only digest single-stranded RNA. It might
constitute a stem-loop or panhandle structure in the RNA.

4.4, Discussion

This chapter described a biochemical analysis of the binding of BUN N to a synthetic
RNA containing the BUNS termini. Binding was investigated by polyacrylamide and
agarose GEMSA and filter-binding assays. Multiple N proteins binding in a sequential
fashion were visualised as a ladder on a polyacrylamide GEMSA (Fig.4.1; Black et al.,
1998).

Binding was found to be strong on analysis of both binding kinetics (Fig.4.5). The
dissociation constant was determined to be 7x10®M, which is similar to that obtained for
influenza virus and hantavirus N-RNA interactions (Baudin et al., 1994; Digard et al.,
1999; Severson et al., 1999). The molar ratio of RNA to protein at the saturation point
was approximately 1:1500. Such high ratios are not unusual for coat or nucleoproteins
binding RNA, and suggest a low proportion of active protein molecules (Wei & Morris,
1991). However, it is also possible that, as the protein binds along the RNA, a higher
molar ratio of protein to RNA is required.

The apparent lack of salt dependency observed in Fig.3.16 on optimisation of the
binding conditions also suggests that the binding is strong and stable (3.4.3.2). In
addition, salt dependency indicates the type of binding that takes place between the
RNA and protein. Cations screen the electrostatic field of the RNA molecule, thus
preventing electrostatic interactions mediated by basic residues in the protein to take
place. The fact that binding occurred at a high concentration of salt implies that
electrostatic interactions are not the sole basis for the binding event. Hantavirus and

tospovirus N proteins were also found to bind over a range of ionic conditions, although
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TSWV N-RNA binding was disrupted at 300mM NaCl and eliminated at 600mM NaCl
(Richmond et al., 1998; Severson et al., 1999).

According to previous studies one bunyavirus N protein molecule is believed to bind 6
nucleotides of viral RNA (Bishop & Shope, 1979). The 69nt riboprobe used in the
binding assays would therefore presumably have sufficient binding sites for
approximately 11 protein monomers to bind, if indeed BUN N binds in its monomeric
form. Each ‘rung’ of the ladder observed on polyacrylamide GEMSA is thought to be
indicative of a distinct N-RNA complex, with higher shifts corresponding to greater
numbers of N proteins binding (Fig.4.1). Although the exact number of bands cannot be
resolved, an approximate figure can be extrapolated from the pattern of well-resolved
bands on the gel and this would appear to approximate the figure of 11 calculated
above. This and other evidence point to the N protein binding along the full length of the
RNA molecule. On treatment of the N-RNA complex with RNase A the intensity of the
band corresponding to full-length riboprobe was unaffected up to reasonably high
concentrations of the ribonuclease (Fig.4.10). If the RNA was only partially bound by N
a decrease in the intensity of the band plus the appearance of a lower band would be
expected, corresponding to the digestion of the unbound region of the riboprobe. This
was not observed. In addition, the complexes were found to reach a finite maximum
size independent of a further increase in protein concentration, on both polyacrylamide
and agarose GEMSA (Figs.4.2 & 4.3). If the riboprobe were not fully bound at the
concentration of N required for saturation of the RNA, an increase in the size of the
complex proportional to the corresponding increase in protein concentration would be
expected as remaining sites were filled. Again, this was not observed.

The latter observation was also interpreted to indicate that only the exact number of
protein molecules required to saturate the RNA bind it. If N multimerises to an
unrestricted extent prior to or after binding RNA the degree of multimerisation would
presumably increase with protein concentration, resulting in the size of the complexes
increasing in proportion to N protein concentration. However, the complexes reach a
finite maximum size indicating that there is no further association of N with saturated
RNA.

The apparent multimers of N visualised in Western blots in chapter 3 can then be
explained in a number of ways (Fig.3.8). Firstly, N might have assembled along
bacterial RNA present in the protein stock. Secondly, N proteins may multimerise in
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solution at high concentrations but be unable to bind RNA in this form. Thirdly, N may
actually bind in a multimerised state.

Structures of nucleoprotein muiltimers from negative-strand viruses exist for influenza
and rabies viruses (Ortega et al., 2000; Schoehn et al., 2001), which are discussed in
section1.2.3, and respiratory syncytial virus (RSV; P. Yeo, personal communication). In
each case the multimer was seen to possess a toroidal structure on electron
microscopy, each circle containing 9-12 monomers of nucleoprotein. Rabies virus N
protein was found to progress from a ring to a helical structure in the presence of long
pieces of RNA (Schoehn et al., 2001). Electron micrographs of BUN N-RNA complexes
yielded ring structures extensively smaller than those of the viruses mentioned above
(data not shown), which were therefore considered unlikely to be N multimers.
However, it is quite possible that BUN N multimerises in a similar fashion. If this is the
case, it is possible that BUN N can bind RNA as a monomer or multimer and monomers
can add to the multimer until a complete toroid results. The presence of a single toroid
as a discrete unit would then explain the absence of complexes larger than the
saturated complex. This would be particularly true if, similar to RSV, a discrete unit
consists of 11 monomers as this is the exact number believed to bind the 69nt
riboprobe used in the assays. However, it is interesting that a low proportion of the
riboprobe shifted into a single band of decreased electrophoretic mobility on
polyacrylamide GEMSA at a low concentration of N (Fig.4.1). This phenomenon was
also seen recently with TSWV N protein (Richmond et al., 1998). It suggests either that
the initial binding event is undertaken by a monomer or that it takes place at a protein
concentration too low to allow multimers to form. Analysis of the binding of influenza
virus nucleoprotein NP to both itself and RNA yielded dissociation constants of 2x107M
(Elton et al., 1999) and 2x10®M (Baudin et al., 1994; Digard et al., 1999) respectively,
suggesting that the NP-RNA interaction takes place before multimerisation (Elton et al.,
1999). However, Ortega et al. (2000) reported that influenza NP was expected to bind
RNA as a dimer when the length dependence of the RNA and the number of
nucleotides bound by each NP were compared.

A small increase in protein concentration was found to result in a large and
disproportionate increase in its capacity for binding RNA (Fig.4.4). In addition, binding
of N was determined to be slightly positively co-operative on Hill plot analysis of filter-
binding data (Fig.4.6). Positive co-operativity is defined as the facilitation of binding of
subsequent proteins to a binding site. This is presumably attributable to interactions
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between N proteins, and does not exclude the possibility that proteins bind as multimers
of definite size.

Binding of N to RNA appears to take place along the length of the molecule in a co-
operative fashion. It was shown to be strong, both by the dissociation constant and its
ability to take place over a range of ionic conditions. N provided the RNA with limited
resistance to digestion by RNase A similar to that observed in authentic nucleocapsids
(Hacker et al., 1989; Kolakofsky & Hacker, 1991). Taken together these data indicate
that N encapsidates the RNA in in vitro binding reactions.

The resistance of RNA in N-RNA complexes and nucleocapsids to digestion by RNase
A (Fig.4.10) suggests that the RNA is not exposed on the surface of the nucleocapsid
as is the case for influenza virus nucleocapsids, which do not impart any resistance on
the RNA (Baudin et al., 1994).

The buoyant density of the range of N-RNA complexes tested appeared to be less than
1.25g/ml, different to that reported for authentic nucleocapsids (Fig.4.9; 1.31g/mi;
Obijeski & Murphy, 1977), although the fact that the complexes remained intact
suggests that the RNA was encapsidated. For comparison, TSWV and PUU in-vitro
assembled N-RNA complexes were determined to possess buoyant densities of
1.32g/ml and 1.36g/ml, respectively (Gott et al., 1993; Richmond et al., 1998). The
apparent low density of BUN complexes could be attributed to the lack of L in the
complex, or possibly the presence of the complex in a relaxed conformation, as
opposed to the supercoiled state of authentic nucleocapsids. A more accurate analysis
of the relative buoyant densities of nucleocapsids and synthetic N-RNA complexes
could be provided by running authentic nucleocapsids on the same gradient as the

synthetic complexes.
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Chapter 5: Competitive binding assays

5.1. Introduction

There have been reports implicating the terminal sequences, in particular the 5’
terminus, of RNA segments of members of the Bunyaviridae in the encapsidation event
(Raju & Kolakofsky, 1987b; Dunn 2000). Such an involvement might be borne out by a
preference of N for one or both termini. This was investigated in the negative-sense S
segment of BUN using competitive binding assays, in which any preference by N for an
unlabelled competitor RNA over that for BUNS5’(32)/3'(33) riboprobe was determined.
Competitor RNAs consisted of 5 or 3' BUN terminal sequences, BUN single and
double-stranded internal sequences and non-viral RNA. Filter-binding was chosen to
measure the preference of binding due to its speed, reproducibility and ease of

quantification.

5.2. Generation of competitor RNAs

The competitor RNAs consisting of BUNS sequences are summarised in Fig.5.1.
BUNS5'(32)/3'(33)

Unlabelled BUNS5’(32)/3'(33) RNA was generated in the same fashion as radiolabelled
BUNS5’(32)/3'(33) riboprobe but necessitated different reaction conditions (see
materials and methods; Fig.3.10).

BUNS5'(32)

The BUNS5’(32) transcript consists of the first 32nt of the 5’ terminus of BUNS. It was
made by run-off transcription of pBUNS5’(32)/3'(33) that had been linearised with Smal,
which separates the two termini cDNAs in this construct (Fig.5.2a). It was produced to
ascertain whether N requires both terminal sequences to bind S segment RNA, or if the

3’ terminal sequences are dispensable.

BUNS5’(65)

BUNS5'(65) comprises the first 65nt of the 5 BUNS terminus. It was generated by run-
off transcription from the plasmid pBUNSCAT that had been linearised with Faul
(Fig.5.2b).
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Fig.5.1. Competitor RNAs consisting of BUNS sequences. The RNAs are
shown in relation to the BUNS segment, with the N ORF indicated.
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Fig.5.2a,b,c. Generation of BUNS5'(32) (a), BUNS5'(65), BUNS(135) (b) and
BUNS5'(32/29) (c) RNA species by in vitro transcription. BUNS5'(32) RNA was
transcribed from pT7BUNS5'(32)/3'(33) linearised with Smal (a). BUNS5'(65) and
BUNS5'(135) were transcribed from pBUNSCAT linearised with Faul and Tsp509l,
respectively (b), and BUNS5'(32/29) from pBUNS32CAT linearised with Scal (c).
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BUNS5'(135)
This RNA consists of the first 135nt of the BUNS 5’ terminus and was made by run-off
transcription of pPBUNSCAT that had been linearised with Tsp509I (Fig.5.2b).

BUNS5’(32/29)

The plasmid pBUNS32CAT contains a negative-sense CAT gene flanked by the first 32
and 33nt of the 5’ and 3’ termini of negative-sense BUNS, respectively (Dunn, 2000).
The transcript was generated by run-off transcription from pBUNS32CAT linearised with
Scal, which cut 29nt along the negative-sense CAT gene. The resuiting RNA therefore
consisted of the first 32nt of the 5 terminus of BUNS plus 29nt of non-viral RNA
situated downstream (Fig.5.2c). It was generated to determine the effects of a region of

non-viral RNA on binding of N to the &’ terminal sequence.

BUNSS5'SL2

This is an 18nt transcript representing bases 23 to 56 of BUNS. It was made by run-off
transcription of a partially double-stranded template made by annealing an oligo
consisting of a truncated T7 promoter with an oligo containing the antisense T7
promoter and the template sequence (Fig.5.2d). It was predicted to form a stem-loop
(designated stem-loop 2) present in BUNS5’(65), discussed later.

BUNS3'(33/22)

BUNS3'(33/22) RNA was transcribed from plasmid pTZBUNS3'(33/22). The construct
was generated by ligating the Smal/Xbal fragment, containing the cDNA of the 33
bases of the 3’ BUNS terminus plus the Bbsl site, into pTZ18. After linearisation with
Bbsl, run-off transcription was initiated from the full-length T7 promoter of pTZ18 and
resulted in a transcript containing 22nt of vector multiple cloning site sequence at the 5’
end, followed by the exact 33nt of the 3' terminus (Fig.5.2e). This RNA was used to
determine whether N is capable of binding the 3’ terminal sequence in the absence of

the 5’ terminal sequence.

BUNM+5'(65)

This transcript is the first 65nt of the positive-sense BUN M segment and was
generated by run-off transcription of pT7riboM linearised with EcoRI (Fig.5.2f). It was
expected that use of this RNA species in competitive binding assays would indicate
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T7 PCR
5'- CTAATACGACTCACTATA =3’

3’-5 SGLﬁ;FTATGCTGAGTGATATAAI TTTATGGTAATTGTTATATTACAACTAAATC -5’

Modified T7 promoter cDNA of BUNS bases 23-56
5SL2RNA & 3
Smal Bbsl Xbal
T 5’ (32) 3'(33) i
pT7BUNS5’(32)/3'(33) ‘ ‘
Smal Bbsl Xbal

3'(33) —“

— Smal Bbsl Xbal

T7 MCS 3(33) }

|

pTZ18%» pTZBUNS3'(33/22)

19b MCS o 3/(33)

5 3" BUNS3'(33/22) RNA

Fig.5.2d,e. Generation of 5'SL2 (d) and BUNS3'(33/22) (e) RNA. 5'SL2 was
transcribed from two annealed oligonucleotides constituting a double-stranded T7
promoter and single-stranded transcription template (d). The plasmid for
transcription of BUNS3'(33/22) was made by ligating the Smal/Xbal fragment of
pBUNS5'(32)/3'(33) into pTZ18 (e). The plasmid was linearised with Bbsl prior to

transcription.
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Fig.5.2f,g. Generation of BUNM+5'(65) (f), ORF- and ORF+ RNA (g). BUNM+5'(65) was
transcribed from pT7riboBUNM linearised with EcoRI (f). ORF- and ORF+ were transcribed
from products of PCR amplification of part of the S segment cDNA in pT7riboS (g). A
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