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Abstract

This thesis details the study of proteins derived from four negative strand RNA
viruses: Simian Virus 5 (SV5), Bunyamwera virus (BUN), Rabies virus and
Newcastle Disease virus (NDV). Each virus is an important human and/or animal

pathogen with the capacity to cause outbreaks of epidemic proportions.
Biochemical and biological characterisation of viral proteins has been
fundamental in determining the pathogenic potential of their associated viruses.
Elucidation of a polypeptide's tertiary structure can be pivotal in the full

interpretation of this data by defining structure-function relationships intrinsic to

protein activity. However, to date the number of solved virus protein structures

remains relatively small.
The predominant focus of this work was interpretation of biophysical evidence

gathered during attempts to elucidate the tertiary structures of the phosphoprotein

(SV5 P), nucleoprotein (BUN N) and rabies glycoprotein (CVS G).

Following successful expression and purification of SV5 P, attempts to

crystallise the protein failed. Further characterisation revealed the N-terminal
domain to be predominantly disordered. Several strategies were developed to

induce globularity by co-expression with an in vivo binding partner, but
concluded without success. Finally, truncated regions of SV5 P were expressed,

purified and placed into crystallisation screens.

BUN N crystals were successfully obtained following optimisation of an

established purification procedure. Pursuit of better quality crystals was hindered

by precipitation of BUN N at low concentrations. The aggregation of the protein

precluded all attempts to increase soluble protein yield.

To produce glycosylated CVS G, recombinant P. pastoris clones were

constructed and tested for expression. Initial success in small-scale expression
trials was not repeatable in volumes suitable for producing significant protein

yields.

Finally, this thesis furthers previous studies on the catalytic domain of the

hemagglutinin-neuraminidase protein (HN) from NDV. The structures of two

HN-inhibitor complexes were solved to 2.5 and 2.8 A respectively. The

XV



inhibitory actions of the substrate analogues are discussed in terms of inhibitor-
HN interactions.
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1 Chapter 1
1.1 Introduction

1.1.1 Negative Strand RNA Viruses

1.1.1.1 Viral Classification

The term 'negative-strand RNA viruses' encompasses a wide assortment of

disease-causing pathogens that belong to the order Mononegavirales. Members
of this prolific group can be subdivided further into individual families including
the Paramyxoviridae (e.g. measles and mumps virus), the Filoviridae (e.g.

Ebola) and the Orthomyxoviridae (influenza virus strains A, B and C). The
viruses derive their name from the negative polarity of their genome

distinguishing them from positive-strand RNA viruses, such as poliovirus, whose

proteins are encoded on an opposite sense RNA strand. Unlike their positive-

counterparts, the free genomic RNA of negative strand viruses is non-infectious
as it can be neither transcribed nor replicated by the protein-synthesis machinery
of the host cell. It is essential therefore, that enzymes delivered into susceptible
cells by infecting virions must be capable of catalysing the replication and

transcription of the viral genome. Hence, the genetic material of a negative-
strand RNA virus must encode the information for a viral RNA-dependent RNA

polymerase. The function of this enzyme is paramount throughout the viral life

cycle.

1.1.1.2 The replication strategy of negative strand RNA viruses
All negative strand viruses follow a basic replication strategy. For the

nonsegmented viruses from the Mononegavirales order, of which three of the
four viruses (Simian Virus 5, Newcastle Disease virus, Rabies Virus) discussed
within this thesis belong, the general process of gene expression is outlined
below (Figure 1.1).
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Nucleocapsid Protein Antigenome Progeny Genome

Viral Proteins

Figure 1.1 A schematic representation of the gene expression strategy of negative strand
RNA viruses. After uncoating of the virion the nucleocapsid, consisting of the viral RNA
and nucleocapsid protein, is released into the host cell cytoplasm. The genetic information is
initially transcribed by the viral RNA polymerase to produce capped and polyadenylated
mRNAs, which are further processed into viral proteins. When sufficient levels of the
nucleoprotein are present the RNA polymerase begins viral replication with the synthesis of
full-length progeny genomes via a positive sense antigenome. These can act as further
templates for mRNA synthesis or can be packaged into newly assembled virions at the host
cell membrane.

As indicated in Figure 1.1 the genomic RNA does not exist as a naked entity
within the virus particle but is packaged by an abundant viral protein called the

nucleoprotein (N) to form a helical nucleocapsid complex. Following viral fusion
and endocytosis, the nucleocapsid is released into the cytoplasm of the infected
cell in preparation for mRNA synthesis and viral genome replication (1). During
the infectious cycle the complex is never seen to dissociate and hence the
structure must function as the active template for both viral transcription and

replication.

1.1.1.2.1 Viral RNA Transcription
Following introduction of the viral genome into the host-cell environment the
viral replication cycle begins with the RNA biosynthetic event - viral

transcription. In brief, the viral RNA polymerase becomes associated with the
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nucleocapsid complex and produces a series of capped and poly-adenylated
mRNA transcripts. This process is sequential and continuous, initiating from a

single point at the 3' end of the genome and continuing to the 5' transcription
termination site (reviewed in (2)). The transcripts are then translated by the host-
cell ribosomes into viral proteins whose relative concentrations reflect their

position within the genome.

1.1.1.2.2 Viral RNA Replication
It has been demonstrated for a number of negative-strand viruses that the process

of RNA replication is directly dependent on the availability of soluble

nucleocapsid protein (3-5). During genome replication, synthesis of viral RNA
and encapsidation by the nucleocapsid protein are concomitant ensuring that the

genetic material is continuously protected from exposure to intracellular
nucleases (6, 7). Therefore, RNA replication can only begin when a sufficient

quantity of nucleoprotein has accumulated.

The replication pathway is poorly understood, however it is initiated by the

production of a full-length antigenome. This complementary RNA has a positive

polarity and serves as the template for synthesis of new, full-length genomes.

These can then be transcribed, used to make further progeny mRNAs or become
associated with the cell membrane where virus assembly and budding occurs.

The mechanism by which the viral transcriptase ignores the regulatory signals for

production of discrete monocistronic RNAs remains undefined.

1.1.1.2.3 Viral evolution and the RNA-dependant polymerase
The spontaneous mutation rate of a viral population is fundamental in ensuring
the generation of pathogenic escape mutants capable of evading the host immune

response and improving the long-term survival prospects of the virus. It is the
inherent lack of proof reading ability in the polymerase enzyme, which ensures

the viral RNA is replicated with a high rate of mutation (8, 9). As a result of this

process, viral particles budding from infected host cells often contain novel

progeny genomes descended from new mutations. It is the ability of the RNA
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viruses to maintain genetic diversity in this manner that identifies them as a

significant threat to public health.

1.2 The Paramyxoviridae
The Paramyxoviridae are a large group of viruses with a diverse host range and
disease manifestation. Members of the family include mumps, human

parainfluenza (hPIV) 1-4, Newcastle Disease virus (NDV), Sendai virus (SeV)
and Simian Virus 5 (SV5). In terms of impact on public health, the human-

pathogen measles (MeV) is regarded as one of the most infectious viruses known
and is responsible for over a million infant fatalities each year. Parainfluenza
viruses are a significant cause of croup, pneumonia and bronchiolitis in young

children (10-14) Mumps, which in rare cases can lead to severe complications
such as deafness or encephalitis, remains an incurable infection.

Paramyxoviruses capable of infecting animal host-species are of great economic

significance. Outbreaks of NDV and Rinderpest virus can have devastating effect
on poultry and animal farming respectively.

The members of the paramyxovirus family were originally classified according
to heamagglutination-neuraminidase activity and similarity of disease symptoms.

Further studies, including electron microscopy, genome sequence analysis and
biochemical characterisation of viral-protein properties substantiated the

requirement for a new categorization strategy. In 2000 the Paramyxoviridae were

reclassified into two distinct subfamilies, the Paramyxovirinae and the

Pneumovirinae, on the basis of shared morphological characteristics, genome

structure organisation, and sequence homologies between their encoded proteins

(6).
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Family Paramyxoviridae

Subfamily Paramvxovirinae

Genus Avulavirus
Newcastle Disease virus

Genus Henipavirus
Hendra virus

Nipah virus
Genus Morbillivirus

Measles virus
Canine distemper virus
Rinderpest virus
Peste-des-petits-ruminants virus

Genus Respirovirus
Human parainfluenza virus (1,3)
Sendai virus

Genus Rubulavirus
Simian parainfluenza virus 5
Mumps virus
Human parainfluenza virus (4A/B, 2)

Subfamily Pneumovirinae

Genus Pneumovirus
Human respiratory synctial virus
Pneumonia virus of mice

Table 1.1 Taxonomic Classification of the Paramyxoviridae as defined in 2002 by the
International Committee on the Taxonomy of Viruses. Examples from each genus are
included. (Information obtained from http://www.ncbi.nlm.nih.gov).
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Paramvxoviridae

bRSV
oRSV+hRSV

SV41

hPIV2

hPIV4A/B

Paramyxovirinae
Respirovirus
hp,lv1 hPIV3

SeV-L J—bPIV3

Pneumovirinae

Pneumovirus
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CDV
PDV
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MeV
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Avian genus
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Figure 1.2 Phylogenetic tree showing the evolutionary relationships between members of
the Paramyxoviridae (taken from (6)). Viruses are as follows (working clockwise from top
right) oRSV ovine respiratory synctial virus, bRSV bovine respiratory synctial virus, hRSV
human respiratory synctial virus, TRTV turkey rhinotracheitis virus, SV41 simian
parainfluenza virus 41, hPIV2 human parainfluenza 2, SV5 simian parainfluenza virus 5,
MuV mumps virus, hPIV4A/B human parainfluenza 4A/B, NDV Newcastle disease virus,
RPV Rinderpest virus, MeV measles virus, DMV dolphin morbillivirus, PDV phocine
distemper virus, CDV canine distemper virus, TPMV Tupaia virus, HeV Hendra virus, NiV
Nipah virus, SeV sendai virus, hPIV 1 and 3 human parainfluenza virus 1 and 3, bP!V3
bovine parainfluenza virus 3.

7



1.2.1 Virion Structure
The virions of the Paramyxoviridae derive their lipid envelope from the host cell
membrane. The Paramyxoviridae can be pleomorphic, spherical or filamentous
and range from 150 to 350 nm in diameter (Figure 1.3).

A B

Key II SH

Nucleoprotein | L
RNA genome ^ p
Lipid bilayer p

Matrix Protein p|N

Figure 1.3 Panel A shows an electron micrograph of a pleiomorphic paramyxovirus particle
(reprinted with permission from http://web.uct.ac.za/depts/mmi/stannard/emiimages.html).
Clearly visible are the nucleocapsid structures consisting of the tightly complexed
nucleoprotein and genomic viral RNA. Panel B shows a schematic diagram of a archetypal
paramyxovirus and lists the typical constituents of a virion (SH small hydrophobic) (L
large) (P phosphoprotein) (F fusion) (HN hemagglutinin-neuraminidase).

Projecting from the surface of the virus are the fusion (F) and hemagglutinin-
neuraminidase (HN) glycoproteins, which extend 8 to 12 nm from the membrane
surface. For some viruses, including members of the Rubulavirus, Pneumovirus
and Metapneumovirus genera an additional small hydrophobic protein (SH) is
also present in the virion membrane (15) (16). The matrix protein (M) is
associated with the viral lipid bilayer as observed by electron microscopy and

provides integral-support for maintenance of tertiary structure.

The nucleocapsid, as seen in panel A of Figure 1.3 and mentioned previously

(see section 1.1.1.2.2), is a highly stable structure that is never seen to dissociate

during the course of a viral infection. The tightly coiled particles can adopt a

Lipid envelope

RNA genome

Nucleoprotein
Nucleocapsid
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number of different conformations (17, 18) with each form varying in helical

pitch and diameter. Attached to the genome are the phosphoprotein (P) and large

protein (L), which together constitute the viral RNA polymerase. This

holonucleocapsid complex defines the minimal requirement for viral infectivity

(6). Finally, a number of accessory proteins, such as the V protein from SV5 are

transcribed from the genome (19, 20). These polypeptides exhibit a range of
functions including the solubilisation of the N protein (21) and the antagonism of
the host immune response (22, 23).

1.2.2 The viral life cycle
Paramyxoviruses establish infection in the mucosal surfaces of the host's

respiratory tract. The HN protein on the virion surface binds to sialic acid-

containing receptors and interacts with the F protein in an as yet undefined
manner to induce cell membrane fusion (24, 25). The encapsidated RNA and the
viral proteins necessary for initiating replication are released into the cytoplasm
where subsequent phases of the life cycle occur. Interaction of the helical

nucleocapsid with the viral RNA polymerase complex initiates transcription and

replication of the genomic RNA (see section 1.1.1.2).

The newly synthesised glycoproteins (HN and F) are processed through the

Golgi apparatus, then exported to the membrane where freshly assembled

nucleocapsids are also accumulating. The M protein is the driving force behind
viral assembly and release (26). An interaction between the viral nucleoprotein,
the cellular lipid bilayer and the cytoplasmic tails of integral membrane proteins
enables the M protein to organise infectious particles as they emerge into the
extracellular environment. The neuraminidase activity of the HN glycoprotein is
central to this final stage. The enzymatic action of the protein prevents

aggregation of newly formed virion particles as they bud from the cell surface

(6).

1.2.3 Genome and coding strategies of the Paramyxovirinae
The genome of the paramyxoviruses is nonsegmented and ranges in size from
15,246 bases (SV5) to 18,234 bases (Hendra virus). Within the RNA, each gene
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is flanked by conserved transcriptional control sequences and is separated from
the next by an intergenic region of variable length. Present at the start (3') and the
terminus (5') of each genome are extracistronic sequences essential for both the

transcription and replication processes.

An interesting characteristic of the Paramyxoviridae is the marked preference to

maintain a genome length that is a precise multiple of 6 nucleotides (nt) (27).
The viral adherence to the "rule of six" is due to the ability of the nucleoprotein
to bind exactly 6 nt (17). The implications of this genomic requirement on the
mechanism of RNA polymerase-mediated replication are still unclear (28).

The ability of viruses to maintain a balance between virion particle size and
maximal protein coding capacity is exemplified by the genomes of the

Paramyxoviridae. In most cases, overlapping open reading frames within the P

gene give rise to a plethora of virus-specific protein products. The P gene of SV5
encodes a pair of amino coterminal proteins P and V each with a distinct

biological function. The two proteins are translated from discrete mRNA species
that differ by the presence of two additional guanidine residues in the P mRNA

(29). The extra nucleotides are nontemplated and are added cotranscriptionally; a

process attributed to polymerase stuttering upstream of the insertion site (30).
Most members of the Paramyxovirinae use similar coding strategies to produce
additional proteins from the P gene.

1.2.4 Epidemiology
As mentioned previously (1.2) paramyxoviruses are able to proliferate in a broad

host-range with symptoms of infection ranging from minor respiratory tract

illnesses to persistent and sometimes-fatal disease. The family also include some

of the most infectious pathogens known to man with outbreaks of epidemic

proportion responsible for human mortalities each year. Under certain
circumstances (31, 32) members of the Paramyxoviridae can establish prolonged
or persistent infection leading to chronic disease (reviewed in (33)). Such an

infection can have a number of consequences for both the host and the virus. For

example persistent measles virus infection is associated with autoimmune

hepatitis (34). Similarly, Paget's bone disease has been linked to persistent SV5
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infection (35-37). For the virus, the prolonged infection can be beneficial i.e. an

increased viral infectious-period, or detrimental i.e. the enhancement of the host
immune response preventing future infection.

Over the last decade, an increasing number of 'emerging' paramyxoviruses have
been isolated and biochemically characterised. These disease-causing agents (e.g.
Hendra virus, Nipah virus and Mapuera virus) have been isolated from a diverse

range of terrestrial (tree shrew, pig, horse, mouse) and aquatic animals (porpoise,

seal, dolphin) (38). The viruses also show zoonotic potential, for example the

equine morbillivirus which was isolated from both horses and humans working
in proximity to the animals in Brisbane, Australia (39) illustrating their potential
for development of novel pandemic strains.

1.3 Simian Virus 5 and the NSV phosphoprotein

1.3.1 Simian Virus 5
Simian Virus 5 (SV5) is a member of the Rubulavirus genus and a prototypic

paramyxovirus closely related to the human pathogens mumps and human

parainfluenza viruses (hPIV). Its genomic RNA is approximately 15,000
nucleotides in length and codes for eight polypeptides (N, P, V, M, HN, L, F and

SH). Viral isolates were originally recovered from rhesus monkey kidney cells
cultured in vitro during the production and testing of poliomyelitis vaccine (40).
Clinical SV5 isolates have been derived from the tissues of a number of animals

including humans (41-43). Human infection is predominantly non-pathogenic,

although persistent infection can lead to chronic disease (33). SV5 has a

widespread occurrence in canines with symptoms ranging from minor respiratory
tract infections (44) to temporary posterior paralysis (45, 46). The virus also
thrives in human tissue culture systems making it an ideal model for studying the

aspects and effects ofparamyxovirus infection in vitro (47).

1.3.2 The Phosphoprotein
Like many other paramyxovirus phosphoproteins the SV5 P protein is
multifunctional with a modular structure defined by distinct domains. Analysis of
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the amino acid sequence (Figure 1.4) of the P protein highlights the segmented
nature of the polypeptide (7). Regions in the carboxyl terminus are important in
the transcription-associated activity of the protein and display a degree of

sequence conservation throughout the Paramyxoviridae (48). Residues in the
amino terminal sequence are more variable and have less homology. However,
this section of the protein is still required for functions at other points during the
viral infectious cycle (49).
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Figure 1.4 Phosphoprotein sequence alignment (Shading key: Yellow 100 % identity, |
75 % identity, > 50 % identity).
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1.3.2.1 Oligomeric nature
Initial investigation into the polymeric state of the phosphoprotein concluded that
the protein associates to form a homotrimer (50). Further biochemical studies

using chemical cross-linking reagents and size-exclusion chromatography
demonstrated that the protein is tetrameric (51). The prediction that oligomer
formation occurred via a coiled-coil motif located in the C-terminus of the

protein was not contested, as the conservation of that region throughout the

family strongly supported the theory (50). Crystallographic analysis of a

truncated section of this domain in the Sendai virus (SeV) P, unequivocally
demonstrated both the homotetrameric state and the coiled-coil structure of the

protein (Figure 1.5) (52).

Figure 1.5 Panel A shows a ribbon diagram of the P protein homotetramer (amino acids
320 to 433) obtained from Sendai virus (52). Panel B shows a ribbon diagram of the helical
bundle at the N-lermiuus.

Biochemical investigation on the homologous domain of the hPIV3 P protein
demonstrated that the oligomerization of the protein is a functional requirement
for interaction with the L polypeptide and formation of a transcriptionally active

holoenzyme (53).

A Asn """ B
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1.3.2.2 Role in transcription and replication
The RNA-dependent polymerase of the paramyxoviruses is composed of the
three structural proteins N, L and P (54). Proteolytic cleavage of P in vitro

inhibits the synthesis of the genomic RNA, defining it as an absolute requirement
for replication (55). Additionally, it has been shown that the L protein is essential
for the formation of an active enzyme complex (56). Analysis of relative

quantities of the L and P proteins in virally infected cells and neutralisation
studies conducted with monoclonal antibodies, led to the conclusion that the L

protein contains the catalytic activities of the replicase enzyme whilst the P

protein acts as the structural component, facilitating the binding of the L protein
to the nucleocapsid structure (57).

Genome replication can only occur if synthesis of the RNA is concomitant with
the N-protein encapsidation of the nascent chain. It was postulated that the P

protein, due to its presence in the transcriptase complex and ability to interact
with the N protein, would play an important role during this process (6). The

specificities and significance of the N-P interaction are discussed later (see
section 1.3.2.2.2).

The amino terminal of the P protein is variable in sequence and shows little

homology between viral species (see section 1.3.2). However, the acidic nature

of the domain is highly conserved (58). Certain transcription factor proteins, for

example the yeast transcription activator GCN4, contain analogous regions (59).
These transcription factors possess a high degree of structural freedom allowing
them to interact with multiple binding partners and modulate a series of

transcription-associated reactions (60-63). The flexible nature of the N-terminal
of the P protein may confer a similar advantage.

It has been shown that mRNA synthesis requires additional copies of P,

independent of those present in the transcriptase complex (64). These

supplementary P molecules associate with the N:RNA template. Curran et al

proposed that the independent binding of extra molecules of P might provide a

mechanism by which the genomic RNA could be "uncoated" to allow

polymerase access. This "uncoating" would consist of a conformational change
in the nucleocapsid structure induced by P binding. This hypothesis is consistent
with the observation of multiple nucleocapsid forms during the viral replication
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cycle, including an extended version with a helical pitch of approximately 38 nm

(compared to 5.3 or 6.8 nm) (17).

1.3.2.2.1 Interaction with the Large protein (L)
To identify the interacting domains of the L and P proteins, deletion mutants of
SeV P were prepared and examined for their ability to modulate viral

transcription in vitro. These studies were extended to precisely define the sites of

binding in the hPIV2 and the SV5 P proteins (65-67). In all the systems studied
the carboxyl terminus of the P protein and the amino terminus of the L protein
were delineated as the interacting surfaces. Bowman et al further characterised
the contact interfaces by mutating clusters of conserved amino acids, charged or

hydrophobic in nature, situated within the P and L binding sites respectively (68).

Although all mutants maintained the ability to form self-self and L-P

holoenzyme complexes, some did not possess the ability to synthesis RNA.
Bowman and co-workers noted that supplementing the replication-defective
mutants with additional P protein could only restore a wildtype phenotype in
some cases. They concluded that, for mutants incapable of replication-function

rescue, the altered regions must be important for the function of P within the

polymerase complex. The reversible phenotype mutants supported the notion of
an earlier hypothesis implicating P as having a transcription-function

independent of the polymerase (64).

1.3.2.2.2 Nucleoprotein binding
In the Paramyxoviridae, the P protein has at least two sites for binding of N.
These interacting domains are located in the opposite termini of the protein (20,

69-72). Equivalent sites are located along the length of the N protein (20, 73, 74).

Aside from facilitating polymerase access to the genomic template, the P protein
interacts with N prior to RNA encapsidation (75). Unassembled N (or N°)

expressed alone and in high concentrations is localised to the cell nucleus.

However, when co-expressed with P, N° is retained within the cytoplasm where
viral replication occurs in infected cells (see section 1.2.1). SeV mutants

incapable of genome replication, but still able to synthesise mRNA were used to
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investigate this function of P (49). The study demonstrated that the protein-

protein interaction prevented aggregation of N° within cells by solubilising the

protein prior to encapsidation. Similar results were also seen in SV5 infected

cells where interaction with N° was mapped to the amino-terminus of the protein

(20,21).

The results of these in vitro studies were confirmed by the crystallographic
solution of the N-binding domain of the measles virus P protein (71). The

interacting interface consists of three a-helices arranged in an anti-parallel
helical bundle (Figure 1.6). Study of the charge distribution on the outer surface
of the protein, revealed a long hydrophobic cleft that could potentially mediate
the binding between P and N (71).

a3

eel Uf JT,Jj

Figure 1.6 Ribbon representation of the structure of the N-binding domain of the measles
virus P protein (residues 459-507). Each monomeric unit consists of an anti-parallel bundle
consisting of three alpha helices (al, a2, a3) (71). Panel B is the same as A but rotated
through 90 °.

Investigation into the structure and dynamics of a larger section of SeV P protein

(amino acids 474-568) revealed two distinct sub-domains separated by an 11-
residue linker sequence. Nuclear magnetic resonance (NMR) and small angle
neutron scattering analysis allowed an accurate model of the section to be
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■ constructed. The entire region was shown to be highly flexible in nature; a

property that would greatly facilitate the dynamic protein-protein interactions
mediated by P (76).

1.3.2.3 The functional significance of P phosphorylation
The significance of phosphorylation on P protein activity has been the topic of
much investigation. Phosphorylation of VSV P requires the activity of the
cellular protein casein kinase-II (CK-II) (77) and at least two other protein
kinases termed LAKS (L-associated kinases) (78).

In its unphosphorylated form the P protein is rendered transcriptionally inactive

(77). The measles and hPIV3 P proteins are also modified by the actions of CK-
II (79, 80) (reviewed in (81). CK-II is an important cellular enzyme with an

extensive role in the phosphorylation-dependent regulation of a number of

transcription factors (82, 83). CK-II is further implicated in the modulation of

gene expression in negative strand viruses as low amounts of the kinase are

readily purified from disrupted VSV particles (84). The enzyme associates with
the nucleocapsid complex and is packaged into newly assembled virions during

morphogenesis (84).

For phosphoproteins of negative strand viruses the significance of

phosphorylation remains a subject for biological investigation. There is some

evidence that addition of a phosphate group to the polypeptide maintains the
structural integrity of the protein (85). Other data indicates that phosphorylation
of P is a requirement for interaction with L (86, 87). Additional research has

shown that modification of the N-terminal domain of the P protein has a direct
effect on RNA transcription (88). The most recent series of experiments,

examining the role of phosphorylation in the viral life cycle indicate that the

process is essential for virus growth (89).

The P proteins of negative strand RNA viruses generally contain three distinct

phosphorylation sites along the length of their amino acid sequence. However,
the protein contained within the infecting virion is typically only modified at one

position (90, 91). This has been directly shown for VSV P where the

transcriptional activity of the protein requires modification at one
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phosphorylation site (86). It has also been demonstrated that the activity of the
viral RNA polymerase is enhanced when P is phosphorylated at a single position

(92). Phosphate group addition in SeV P occurs predominantly at serine 249.
Ablation of this residue results in increased levels of phosphorylation at the other

potential sites, demonstrating the preference of P to remain in a phosphorylated
state at all times (85).

1.4 The hemagglutinin-neuraminidase protein of
Newcastle Disease virus

1.4.1 Newcastle Disease virus (NDV)
NDV is a paramyxovirus belonging to the Avulavirus genus (93). However, it is

closely related to viruses in the rubulavirus genus, which include the human

pathogens mumps virus and hPIV (Table 1.1). NDV is a pathogenic avian virus
that can infect all species of birds, domestic and free living (94, 95) (reviewed in

(96). Epidemics in the industrial poultry farms result in severe economic losses.
The disease was initially identified following virus outbreaks in commercial

poultry farms in Java, Indonesia and Newcastle-upon-Tyne during the 1920's

(97, 98). Even today, the US poultry industry consider NDV to be a significant

'biosecurity threat'. In 2003, a single bird infected with a highly pathogenic
strain of the disease, was the starting point for an NDV outbreak of epidemic

proportions throughout the state of California. As a result, millions of birds were

culled and stringent quarantine protocols, that are still observed today, were

imposed (99, 100). Although NDV can cause disease in humans (101) it is most

useful as a laboratory model for investigation into pathogenic human

paramyxoviruses. An example of this is the use of the NDV hemagglutinin-
neuraminidase (HN) protein as a tool for investigating the biological roles and

pathogenic potential of paramyxovirus surface glycoproteins.

1.4.2 The hemagglutinin-neuraminidase protein
The NDV HN protein is a membrane spanning glycoprotein containing 565 to

582 amino acids. The protein has a modular structure and is organised into three
distinct domains: an extracellular, globular head region (-530 residues), a
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transmembrane anchoring stalk (~20 residues) and a short intracellular domain

(~18 residues). NDV HN is a type II glycoprotein (102) with the transmembrane

region both acting to secure the protein in the membrane and as a signal sequence

for targeting the nascent chain to the endoplasmic reticulum for translocation to

the lipid bilayer (103, 104). Sequence, structural and biochemical analogies
between HN proteins within the paramyxovirus subfamily are highly significant
and are based on an ever-accumulating body of experimental data (105).

Therefore, NDV HN is a relevant system for investigating the functional

capacities of virus membrane proteins.

1.4.2.1 The multiple functions of the HN protein
The HN protein is responsible for both receptor recognition and virus attachment

(106). Following or just prior to the attachment process HN promotes the fusion
of viral and cellular membranes via an interaction with the second NDV surface

glycoprotein F. The HN protein is also a neuraminidase enzyme, with the ability
to cleave sialic acid from a number of moieties including the viral receptors to

which the virion attaches. Neuraminidase activity is important for a variety of

biological processes. This activity in the HN protein results in the exposure of
extracellular receptors and prevents self-agglutination of virions prior to their
release from the host cells (107).

Modulation of the HN protein activity is associated with an alteration of the pH
and halide ion concentration in the surrounding environment. The neuraminidase
activities of the hPIV HN proteins are heavily dependent on chloride ion
concentration and pH (108). Sialic acid cleavage is reduced by approximately 50
% if ion concentrations are increased above ~10 mM or pH is altered from the

optimal value of 4.5 (109).

Huang and co-workers have recently identified a further function for the HN

protein (110). A series of chimeric viruses containing an assortment of HN

encoding gene segments derived from virulent and avirulent NDV strains were

tested for haemadsorption and neuraminidase activities. Previously virulent
chimeric viruses containing the avirulent strain HN protein demonstrated a tissue

predilection similar to that of the avirulent virus with a subsequent alteration in
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viral pathogenicity. These results were mirrored in the virulence profile of the

opposing construct and suggest that HN is an important factor for determining
viral virulence and tissue tropism.

1.4.2.2 Nucleotide sequence analysis and structural characterisation
Alignment of strain-specific HN amino acid sequences (see page 44) revealed
three secondary structural features conserved between NDV viruses of varying

pathogenicity. Firstly, the existence of six potential A-glycosylation sites

(sequence NXT/S -where X is any amino acid except proline), four of which are

located in the protein's extracellular domain. Secondly, the predominance of

alpha helices in the N-terminus of the protein and thirdly the arrangement of
residues within the C-terminus into beta-sheet containing structures (111). There
are also three short, but highly conserved sequences: NRKSCS,

G(A/S)EGR(L/V) and (T/S)GVY(T/A) located in all HN proteins. Site-directed

mutagenesis within these sequences effects both the antigenic properties and in
vivo biological functions of the HN protein (112-116). The sequence alignment
included below, shows the connectivity of the disulphide linkages (numbers

immediately above aligned sequence) and the location of the p-strands and a-

helices.
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1.4.2.2.1 Oligomeric nature of the HN protein
The HN protein exists on the surface of the virion as a dimeric or tetrameric unit.

However, NDV HN purified from disrupted virions, in non-reducing conditions
exists predominantly (95 %) as a homodimer. This suggests that surface HN

complexes consist of individual disulfide-linked dimers that can further associate

via noncovalent bonds (118). Experimental evidence suggests that the
transmembrane region of HN is integral in the formation and stability of these

oligomeric structures (119-121). The multimeric state of HN affects both the
attachment and fusion-promotion activities of the protein (118, 122).

1.4.2.2.1.1 Disulfide bond formation in oligomerisation
Intramolecular and intermolecular disulphide bonds are essential components for
the formation of the tertiary structure of glycoproteins, and their formation plays
an integral role in the globular folding process. There are twelve conserved and
two variably present (C6 and CI23) disulfide bond forming cysteines in the HN

protein (123). Mutations of the C6 and CI23 residues prevent protein

oligomerisation and inhibit its intrinsic biological functions (124). The conserved

cysteines are important for the formation of the mature HN protein. Disulfide
bond formation is essential for correct oligomerisation, HN transportation to the
cell surface and acquisition of N-linked oligosaccharides during protein

glycosylation (125-127). Even the order in which intramolecular disulfide bonds
are formed can modulate HN protein activity (128).

1.4.2.2.2 Glycosylation of the HN protein
The NDV HN protein has six potential A-glycosylation sites, five of which are

situated in the globular extracellular domain (129). Carbohydrate side chains are

attributed multiple functions including enhancement of protein solubility and

protection against protease degradation (130). Asparagine linked

oligosaccharides typically consist of an internal pentasaccharide core to which a

mannose residues are added resulting in a complex and branched sugar structure

(131). The sugar chains are preassembled on carrier lipids in the rough

endoplasmic reticulum then covalently attached to polypeptides at precise
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sequences (see section 1.4.2.2). As the protein traverses the membrane system of
the host cell the structure of the oligosaccharide is extensively modified (105).

The process of HN glycosylation precedes the formation of disulfide bonds

(132), as the latter affects glycosylation site usage through steric hindrance of the

oligosaccharyl transferase enzyme (127). The addition of each chain is important
for correct folding, assembly and transportation of the HN proteins. The

phenotypic severity of glycosylation-site mutants is virus-dependent, but is
effected by the number of aberrant sites created, and their position within the HN
molecules (129, 133, 134). For example double mutations in the glycosylation
sites at amino acids 433 and 481 (NDV) produce an aberrantly folded HN protein
with a depressed neuraminidase activity and a significantly altered virulence

profile in vitro (129, 135).

1.4.2.2.3 Crystal structures of NDV and hPIV3 HN proteins
X-ray crystallographic determination of the globular head regions of HN from
NDV (Kansas strain) (117) and hPIV3 (136) have broadened our understanding
of the structure-based principles for the biological activities of the surface

glycoprotein. Furthermore, the NDV HN structure has provided a model for the
rational development of characterisation experiments designed to probe protein
function in greater detail.

The overall structure of the HN monomer is a six-bladed, [3-propeller as

predicted on the basis of sequence and structural alignments (137-139). The 13-
sheet propeller motif is common to a wide range of pathogenic microorganisms
with sialic acid cleaving activity (140). For example, the neuraminidase protein
of influenza virus (type A) contains an identical (3-sheet motif (141-143). The

folding of the polypeptide in the creation of these domains brings into association
a series of conserved amino acids to form an active site pocket capable of
interaction with sialic acid substrates (see section 1.4.2.3).

During crystallisation of the NDV protein it was noticed that two different types

of crystal, an orthorhombic and a hexagonal form, could be reproducibly
obtained (144). The hexagonal form would only form in the presence of the
neuraminidase inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid
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(Neu5Ac2en, DANA) at a pH of 6.5. Within each crystal type HN exists as a

homodimer. However, the association of the monomers in the hexagonal ligand-
bound and orthorhombic forms are significantly different (Figure 1.7).

Figure 1.7 The dimer association of NDV HN in the (A) orthorhombic and (B) hexagonal
crystal form grown at (A) pH 4.5 or (B) pH 6.5 (117).

Comparison of apo- and bound protein forms coupled to determination of the

enzyme catalytic site offered an explanation for the presence of two distinct HN
conformers and their role in the physical mechanistics of HN protein activity.
The structure also helped explain the observed conformational changes and
formed the basis for a proposal outlining the physical mechanistics employed by
the multifunctional HN protein.
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1.4.2.3 The neuraminidase activity of the HN protein
Neuraminidases (or sialidases) cleave the terminal sialic acid from the

nonreducing ends of disaccharides, oligosaccharides and polysaccharides. Sialic
acids are a group of naturally occurring derivatives of N-acetyl neuraminic acid

(Neu5Ac, NANA). Sialic acid containing receptors are found on a range of cells,

including those located in the mucous membranes of the human respiratory tract

(reviewed in (140)). The enzyme mechanism is likely to be similar to that of the
influenza virus neuraminidase (145). Enzyme kinetic studies with the hPIV3
virus demonstrated that the transition state analogue, Neu5Ac2en (DANA)
inhibits HN activity preventing viral entry into uninfected cells (146).

Figure 1.8 Structural formulas of (A) A-acetylneuraminic acid (Neu5Ac, NANA) and (B) 2-
deoxy-2,3,-didehydro-yV-acetylneuraminic acid (Neu5Ac2en, DANA), a transition-state
analogue produced by the neuraminidase activity of the HN protein (N-acetyl group: Blue)
(Carboxylate group: Red) (Glycerol chain: Green).

The neuraminidase activity of the NDV virions has been attributed to the HN

protein for over thirty years (106). A putative sialic acid binding domain in the
NDV HN protein was identified using homologies between probe-sequences
derived from its structural counterpart, the influenza neuraminidase protein

(147). The amino acids conferring enzymatic activity were identified using

escape mutants with altered sialic-acid recognition (148). Subsequent residues
were located in a conserved region of the glycoprotein stalk domain (149). These

sequence and mutation-based predictions were confirmed upon identification of
the sialic-acid binding residues in the ligand-bound form of the crystallised HN

protein (117).
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1.4.2.3.1 NDV HN catalytic site
As mentioned above, the co-crystallisation of NDV HN with Neu5Ac allowed
direct visualisation of the enzyme catalytic site. Examination of the tertiary
structure revealed the breakdown product of neuraminidase action, Neu5Ac2en,

bound in a cleft produced by the folding of the protein into its (3-propeller like
structure (117). This suggested that as in the influenza virus neuraminidase, the

enzyme is able to synthesise its own inhibitor (150).

Gin 204 \ Tyr 299 Tyr 262
*YAsn 214

Figure 1.9 Stereo image of the active site of NDV HN. The sialic acid derived inhibitor
Neu5Ac2en bound within the active site of the hexagonal crystal form (117).

This discovery was followed by a detailed analysis of the amino acids

coordinating the individual groups of the sialic acid like substrate. Coordinating
with the carboxyl group of the inhibitor was a cluster of three arginine residues,

forming an Arg-triad (Arg 174, 416 and 498). Arg 174 was stabilised by the

presence of another active site residue Glu 547. The C1-C2 bond of the inhibitor

(Figure 1.8 and Figure 1.9) was positioned close to the hydroxyl group of Tyr
526 and made a direct interaction with Glu 401. The glycerol moiety of the
inhibitor contained three hydroxyl groups participating in hydrogen bonds to

residues Glu 258, Tyr 317, Tyr 262 and Ser 418 via a water molecule. The highly
conserved nature of the substrate-binding residues amongst NDV strains
indicated that each interaction was a determinant in the sialic-acid recognition
function of the HN protein. The acetamide group of Neu5Ac2en interacted via a

water molecule with Ser 237, Tyr 317 and Glu 401 at the N5 position. The

Scr418
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methyl fragment of the group made a hydrophobic interaction with the face of

Tyr 299. Interestingly the hydroxyl group (04) made no interaction with the

protein but pointed into a large cavity formed by residues that created an

extensive hydrogen bond network. The presence of this 'space' in the active site
is unusual amongst neuraminidase enzymes. Most human and bacterial sialidases
have no cavity and hydrogen bonding occurs between the protein and the 04 of
the inhibitor (151). This structural anomaly has proved useful in the rational

design of many antiviral inhibitors.

1.4.2.4 Receptor binding properties of the HN protein
Gangliosides (152, 153) and sialoglycoproteins (154, 155) are both receptors

recognised by the paramyxovirus HN protein for viral attachment. Receptor

specificity varies between virus subtypes, as the core structure of the sialic acid

bearing oligosaccharide determines protein-receptor recognition (156).

Analysis of both the NDV and hPIV3 HN structures has failed to reveal a second
distinct site for sialic acid binding. Prior to the structural solutions of the NDV
and hPIV3 enzymes the literature favoured the idea of two separate sites for the

hemagglutinin and neuraminidase activities of the protein (105, 157). However,
derivation of the crystal structures has led to the 'single-site, dual-function'

hypothesis, wherein the two protein functions are interchangeable by significant
alteration in the conformation of HN. As mentioned above (section 1.4.2.2.3)
NDV HN crystallises in two distinct forms (117). A comparison of the active
sites within the forms revealed striking differences induced by substrate binding
and rotation of the monomers within the dimer. In the active site of the ligand
free structure, one member of the carboxylate-coordinating Arg triad (Arg 174)

(section 1.4.2.3.1) is swung into a 'new' position. In order to accommodate this
switch and maintain the overall charge of the active site, a positively charged
residue (Lys 236) moves out of the cavity. Crennell et al proposed that the
movement of the monomeric subunits and active site residues served as a

conformational switch activating the catalytic site. In this model, the enzyme is

capable of neuraminidase action when Arg 174 forms part of the triad interacting
with the carboxylate group of the substrate. In the 'off position, HN can no
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longer cleave the sialic acid substrate and is primed for its receptor binding
functions (117).

In an effort to confirm the 'single-site, dual-function' hypothesis, extensive
mutation studies of the active site residues were performed. The results
demonstrated the two functions of the protein to be dependent on each other

(158) with a loss of neuraminidase activity most often accompanied by a loss in

hemagglutination activity and sometimes a loss in fusion promotion ability (159-

161). However, it was of some concern that capturing the HN protein (hPIV3 or

NDV) bound to the oc-anomeric form of the substrate was an elusive task. The

sialic acid bound in the active site of the orthorhombic protein was observed to

be in the (3-anomeric form (117); the predominant sugar conformer of sialic acid
in solution due to the energetically favourable, equatorial positioning of the

hydroxyl group. Hence a potential flaw in the hypothesis was recognised, as the

potential interaction of the catalytic site with an authentic host cell receptor

remained a hypothetical solution to the multifunctional capabilities of the HN

protein.

The discovery of a second binding site at the dimer interface of the NDV HN

protein has improved our understanding of the dual functionality of the surface

glycoprotein (162). Zaitsev et al cocrystallised the NDV HN protein with a

nonhydrolyzable derivative of Neu5Ac (Neu5Ac-2-S-a(2,6)Gal-l-Me).

Inspection of the electron density maps revealed two complete oc-anomeric
disaccharides bound at symmetrical positions on the dimer interface whilst
molecules of Neu5Ac2en (P-anomer) occupied the 'original' binding pocket. The
association of the dimer was that seen in the orthorhombic crystal form (Figure

1.7) with residues from both monomers involved in the formation of the 'new'
site. Mutations of residues within the second site revealed that the pocket was

important in facilitating viral infection and growth by enhancing the fusion

promotion activity of the HN protein (163).

1.4.2.5 Fusogenic activities of the HN protein
Pathogenicity of each NDV strain depends on the fusogenic capabilities of the
membrane glycoprotein F. The F protein mediates fusion of virus-host cell
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membranes and infected adjacent cells resulting in synctia formation (164).

However, the F protein cannot arbitrate cell fusion unless the HN protein is also

expressed on the virion outer surface (165).

To study the fusion function of the HN protein, mutants with an altered fusion

phenotype were isolated and characterised (161, 166-170). Results suggested that
the triggering of fusion required a physical interaction between the two-

glycoprotein spikes (25, 171, 172). Two-conserved heptad-repeat sequences,

located in the ectodomain of the F protein were shown to be essential for its
interaction with HN (173, 174). Upon fusion activation, these domains formed a

stable coiled-coil complex pulling the target and attack membranes into close

proximity (175).

There are two proposed models for the role of the HN-F protein interaction in the
initiation of membrane fusion. Both models agree that the fusion of cell
membranes requires the F protein to undergo a series of conformational changes:
a direct consequence of its interaction with the HN protein (176, 177). The first
model proposes that the two proteins interact after the HN protein has bound to

its sialic acid containing receptor (24). The second model requires the formation
of a metastable complex of HN and F prior to HN protein attachment (25). This
association would prevent the association of the heptad repeat regions in F that
would otherwise initiate the fusion-associated, conformational changes. Model
two suggests that concomitant with HN receptor attachment is a change in the
dimeric association of the protein driven by energy produced from the cleavage
of sialic acid and resulting in the appearance of a second binding pocket. This

change in the HN protein would promote F to its fusogenic conformation

initiating the complete cascade of fusion events (162, 178).

1.5 The Bunyaviridae
The prototypic member of the Bunyaviridae, Bunyamwera virus was initially
isolated from the Aedes simpsoni species of mosquito during an outbreak of

yellow fever in the rainforests of Bwamba (179). This initial study established
the framework for classification of new serotypes isolated over the next sixty

years.
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The Bunyaviridae are identified according to their tripartite genome and are

tentatively subdivided into five genera (Table 1.2). The viruses are distributed
around the globe and can infect a wide variety of species (Table 1.2).

Family Bunyaviridae

Example hosts Geographic
distribution

Genus Hantavirus
Sin Nombre virus
Puumala virus
Seoul virus

Humans
N and S America
Western Europe
Worldwide

Genus Nairovirus

Crimean-Congo virus Humans E. Europe, Africa, Asia

Genus Orthobunyavirus
Bunyamwera virus
Oropouche virus

Humans, birds, rodents Central and S Africa
Humans, monkeys S America

Genus Phlebovirus
Rift Valley fever virus Humans, domestic Africa

ruminants
Genus Tospovirus
Tomato spotted wilt vims Variety of plant species Worldwide

Table 1.2 Classification of the Bunyaviridae family. Examples of each genus, susceptible
hosts and geographic distribution arc included.

1.5.1.1 Virion structure and viral life cycle
The virions of the Bunyaviridae are spherical and range from 80 to 120 nm in
diameter. Microscope examination of vims particles revealed the presence of
surface projections extending 5-10 nm from the lipid bilayer consisting of the
heterodimeric viral glycoproteins (G1 and G2 subunits) (Figure 1.10). The size
and association of glycoprotein dimers is genera specific. The lipid envelope is
derived from the host cell during viral budding, encapsidating the viral genome

and copies of the N and L structural proteins. Unlike the single-segment genome

of the Paramyxoviridae the bunyavims genome is divided into three circular

nucleocapsids designated L (large), M (medium) and S (small) (180, 181).
Attached to each genomic section is a copy of the L protein, which is

hypothesised to be the virally encoded transcriptase or a component thereof. A
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schematic representation of a bunyavirus particle is depicted in Panel B of Figure
1.10.

Key
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Genomic RNA

Lipid Envelope

Figure 1.10 Panel A shows an electron micrograph of the spherical virions from Rift Valley
Fever virus (reprinted with permission from http://www.uct.ac.za/depts/mmi
/stannard/emiimages.html) Panel B shows a schematic cross section of a typical bunyavirus
particle. The three genome segments are complexed with the nucleoprotein to form the
circular nucleocapsid structures (adapted from (182) Not shown, but also encoded by the
viral genome in some Bunyaviridae serotypes, are the non-structural protein NSs and NSm.

The replication cycle (Figure 1.11) begins with the attachment of the viral

particle to susceptible cells, mediated via an interaction between a host cell

receptor(s) and the viral glycoprotein complex. Bunyaviruses have been shown
to demonstrate a distinct tropism for cells of the central nervous system (183).
For the phlebovirus, Rift Valley fever (184) and the hantavirus, Flantaan virus

(185) viral attachment sites have been identified on both the G1 and G2 proteins.
This suggests that both protein subunits are involved in the attachment process.

In the Hantavirus genus p3 integrins, a family of proteins located on the surface
of endothelial cells and platelets, have been shown to mediate cellular entry (186,

187). The host-cell receptor for the remaining members of the Bunyaviridae

family has not been elucidated.
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Attachment is followed by endocytotic internalisation; a process mediated by a

pH-induced, conformational change in the tertiary structure of the G1 and/or G2
heterodimer (188, 189). The viral nucleocapsids and accessory proteins are

released into the cell cytoplasm where primary transcription and genomic RNA

replication take place (1.1.1.2). Central to this process are the viral L and N

proteins.

Following mRNA translation to viral proteins, virions are assembled at the Golgi
and plasma membranes. An investigation into the morphogenesis of the

bunyamwera Bunyavirus, revealed a unique assembly pathway for the maturation
of the infectious particle. The mechanism proceeds via an 'immature'
intermediate requiring a second structural transformation prior to its release from
the cell (190).

Viruses within some genera (Bunyavirus, Phlebovirus and Tospovirus) encode
two additional non-structural proteins termed NSs and NSm. Both proteins are

expressed at an early stage during infection. The NSs protein has been implicated
in the regulation of viral RNA synthesis (191). Additionally, NSs facilitates the
down regulation of host protein synthesis and inhibits the stimulation of the
interferon-mediated immune response (192, 193).

The biochemical characteristics and functions of NSm are not well defined, but

the protein is seen to accumulate in the Golgi complex, which suggests a

potential role in virus assembly (194). Only in the tospoviruses has the NSm

protein been assigned a definite function: the translocation of nonenveloped

nucleocapsid structures across the cell walls of infected plants (195).
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Figure 1.11 Bunyavirus replication pathway. (1) Viral attachment possibly via a/(J
integrins. (2) Endocytosis. (3) Release of ribonucleocapsids into host cell cytoplasm. (4)
Transcription of nucleocapsids to mRNA catalysed by the virion-associated polymerase. (5)
Translation of mRNA to viral proteins. (6) Replication of viral genomes via a replicative
intermediate. (7) New virion assembly at the Colgi apparatus. (8) Final virion
morphogenesis and assembly. (9 and 10) Budding and release of new viral particles.

1.5.1.2 Genome and coding strategy of the Bunyaviridae
The majority of viruses within the Bunyaviridae family are classical negative
strand RNA viruses with their genetic information divided between three circular

segments of RNA (180, 196, 197). However some members of the Bunyaviridae

family contain a mixture of both negative and positive sense RNA. These viruses

belong to the Phlebovirus and Tospovirus genera and with respect to their genetic
material are termed ambisense.

The coding strategy for the four structural proteins is conserved across virus

species. The L segment encodes the viral transcriptase, the M segment codes for
the two glycoproteins and the S segment contains the information for the

nucleocapsid protein (reviewed in (198). In addition, some genera encode the
NSs and NSm proteins.
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1.5.1.2.1 The L segment
All bunyavirus L-segments employ a conventional negative-sense coding

strategy and contain a single ORF. This ORF encodes the Bunyaviridae L

protein. Primary sequence analysis of L proteins reveals several conserved motifs
common to RNA-dependent polymerases (199-201). However, there is little or

no sequence homology with equivalent enzymes from other negative strand
viruses (202). The protein is synthesised in relatively small amounts during the
infectious cycle and in the case of the bunyavirus Bunyamwera virus, has its

activity modulated by the NSs protein (191).

1.5.1.2.2 The M segment
The Bunyaviridae M segment encodes the two envelope glycoproteins (G1 and
G2 (also referred to as Gn)) and in some strains a third non-structural protein
NSm (also referred to as Gc). An overview of the gene order and coding

strategies of the M segment are depicted in Figure 1.12. Apart for the

tospoviruses, which encode the NSm protein via an ambisense strategy, the

production of NSm is from a single ORF that is transcribed to a full-length
mRNA species in virus-infected cells (203, 204).

Bunyavirus

I]

Protein Order Strategy

G2 NSm G1 -ve sense

Nairovirus

Phlebovirus

; ;.

33 G2 Gl(pre) G1 -ve sense

NSm G1/G2 G2/G1 -ve sense

Hantavirus

G1 G2 ve sense

G2
vRNA

G1 NSm Ambisense

Key

■I G2 (Gn) CZ3 NSm (Gc) CD Complementary sequences

m G1 Hi G1 precursor

Figure 1.12 The genomic coding strategies of the Bunyaviridae M segment RNA. Genomes
are not shown to scale and are in the linear form (vRNA = viral RNA).
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1.5.1.2.3 The S segment
The S segment encodes the nucleoprotein and in some genera the NSs protein

(Figure 1.13). The coding strategy for the NSs protein varies between genera. In
the bunyavirus genus N and NSs are encoded in an overlapping reading frame,
with ribosomal initiation from both start codons (205, 206). The phlebo- and

tospoviruses employ an ambisense coding strategy producing N from a mRNA
intermediate complementary to the viral RNA and the NSs protein from a RNA

species that is of the same polarity as the parent genome (207, 208). Hanta- and
nairoviruses do not encode NSs. Some hantavirus species contain an overlapping

reading frame within the N gene that has the potential to code for a small-
undefined polypeptide (6 kDa) of unknown function (182).

Bunyavirus
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10-13

Hanta- and Nairoviruses
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(nairo-)

24-30 29-31 Ambisense

Tospovirus

13
] vRNA
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Figure 1.13 A schematic representation of the proteins encoded on the S segment of the
Bunyaviridae genome. All RNA species are in the linear form and are not drawn to scale
(vRNA = viral RNA).

1.5.1.3 Epidemiology
The symptoms of a Bunyaviridae viral infection range from asymptomatic
infections and influenza-like illness to severe hemorrhagic and encephalitic
disease. Transmitting vectors of the Bunyaviridae include mosquitoes, ticks,
rodents and thrips explaining their worldwide distribution and broad host range.

The family have been identified as the causative agents for a number of
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documented epizootics and epidemics the discussion of which is beyond the

scope of this thesis.

The WHO has identified at least two members of the Bunyaviridae as

international public-health concerns. The first of these, Crimean-Congo

hemorrhagic fever, has a mortality rate of approximately 30%, with death

resulting from massive haemorrhagic phenomena and renal or pulmonary failure.
The disease is endemic in Africa, Europe and Asia with domestic and wild
animals capable of transmitting the virus to their human counterparts (209).

Epizootics of Rift Valley Fever, the second Bunyaviridae genus highlighted by
the WHO, occur periodically in the grasslands of sub-Saharan Africa. Outbreaks
in domesticated livestock can result in substantial economic losses (210).

Furthermore, humans are susceptible to Rift Valley Fever infection and levels of

morbidity and mortality are high.

The prevention of bunyavirus epidemics is of critical importance and has led to

the development of animal vaccines and antiviral drugs. However, human-
inactivated vaccines, for the highly pathogenic viral strains, remain in the early

stages of clinical trials.

1.6 Bunyamwera virus and the NSV nucleocapsid
protein

The prototype virus of the Bunyaviridae family is the Bunyamwera (BUN) virus,
a member of the Orthobunyavirus genus. BUN virus can infect a broad range of
vertebrate hosts including humans, domestic animals, livestock, rodents, bats and

primates. Initially isolated from mosquitoes in the tropical rain forests of

Bwamba, Uganda, the pathogenic virus is widely distributed throughout Africa.
Antibodies against the virus have been detected in human and animal blood

samples from several countries including Mozambique, Tanzania, Congo, Egypt
and Tunisia (211).

Human disease caused by BUN virus is rare despite its widespread occurrence

throughout the African population. The overall incidence of the virus is not

known due to mild clinical symptoms (rash, fever, neck stiffness) and the self-

limiting nature of infection (212). Like all other arthropod-borne members of the
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family, its lack of cytopathic effect in mosquito cells allows it to establish a

persistent infection, ensuring its transmission to multiple hosts (213) (214). The

large number of viruses classified within the family Bunyaviridae illustrates their

evolutionary success.

1.6.1 The nucleoprotein (N)
In all negative strand RNA virions the major protein species is the nucleoprotein,
because of its indispensable function in viral RNA encapsidation. The N protein
of the BUN virus is a 26.7 kDa (233 amino acids) basic protein whose sequence

is encoded by the S (small) RNA transcript (215). During the BUN virus life

cycle, viral polypeptides are synthesised shortly after infection. Time course

studies of the synthesis of each protein revealed that at a high multiplicity of

infection, N could be detected as early as 2 hours post-infection (216).

The N protein is functionally versatile and is capable of associating with viral

membranes, encapsidating viral RNAs, forming viral core structures and

participating in viral transcription and replication (217). It has been proposed that
modulation of the N protein's activities relies on its differential interaction with
the three species of viral RNA (genomic RNA, antigenome RNA and mRNA).
For example, Hacker et al suggested that the nucleocapsid protein of the La
Crosse virus controls its own synthesis by encapsidating its own mRNA (218).

Despite its pivotal role in the BUN life cycle the N protein has not been

extensively characterised. Useful analogies can be drawn with other negative
strand virus nucleoproteins, which have been biochemically, biologically or

structurally investigated. However, these parallels are only hypothetical, and
definitive conclusions about the precise nature of the BUN N protein cannot be
made. Comparison of N protein sequences within different genera of the

Bunyaviridae show only minor homology with conservation of certain bulky
aromatic residues like phenylalanine and tyrosine. These amino acids may have a

functional requirement for binding to viral RNA and/or interaction with the L

protein (217, 219, 220).
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1.6.1.1 The oligomeric nature of N
The nucleocapsid protein of the BUN virus may exist in an oligomeric form prior
to formation of subviral structures. This has been directly observed in bacterially

expressed Hantavirus N protein (221). In this instance, the protein was expressed
and solubilised under native conditions to prevent denaturation and to avoid

misleading or non-interpretable results. Although soluble, the N protein could be

pelleted by high-speed centrifugation demonstrating the formation of high-order
multimers. Subsequent analysis by sucrose density gradients demonstrated two

distinct N protein species: a major species at the far-end of the gradient
consistent with the formation of high molecular weight aggregates, and a minor

peak with a mass consistent with a protein trimer. Glutaraldehyde cross-linking

experiments in infected cells detected a trimeric association of protein suggesting
that this oligomeric state is the functional unit ofN.

Mapping of domains required for co-association of N, were unable to define
distinct residues. However, deletion of sequences within the distal portions of the

protein reduced N:N affinity (221). Structure prediction algorithms suggested
that the residues within the N-terminus of the protein would fold to form coiled-
coil motifs separated by a turning sequence. Characterisation of the secondary
structures of individual peptides derived from the amino terminus of the protein
corroborated the computer-based hypothesis. This implied that the production of
the nucleocapsid core structure would involve a helical bundling of N protein
coiled trimers (222).

To date, only two crystal structures have been solved of functional N proteins
from RNA viruses. The first structure obtained was of the N protein from Borna
disease virus, a single stranded, negative sense RNA virus belonging to the
Bornaviridae family (223). The second structure was solved from crystals of the
N protein originating from porcine reproductive and respiratory syndrome virus

(PRRSV), a single stranded, positive sense RNA virus belonging to the
Arteriviridae family (224). Interestingly, both structures contain multiple copies
of the protein associating in a precise manner within the asymmetric unit.

Experiments involving the influenza virus, rotavirus and BUN virus

nucleoproteins have all demonstrated that biological activity is intrinsically
linked to the organisation of the protein into multimers (225-228).
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Figure 1.14 The tetrameric association of the Borna virus disease (Bornaviridae)
nucleoprotein (223).

1.6.1.2 Encapsidation of and binding to viral RNA
It has been demonstrated in most bunyaviruses that a specific N protein

encapsidation signal, within the termini of the RNA genome triggers the binding
and nucleocapsid assembly events associated with formation of the virions core

particle. However a degree of non-specific interaction is also known to occur

between the macromolecules (228-231).

The absence of conserved RNA binding motifs within Bunyaviridae N proteins
has hampered the characterisation of the N-RNA interaction (232). For example,

although the protein contains a large number of basic amino acids, these residues
are not clustered in a manner consistent with RNA binding motifs. Deletion
studies in the C-terminus of Hantaan and Puumala virus N proteins identified a

93 amino acid peptide capable of mediating non-specific RNA interactions (233).
In the Hantaan virus N protein a second domain was located in the central,
conserved region of the polypeptide (234). This was consistent with a proposed
model for the modular organisation of N as observed for the SeV N protein. In
this instance, the amino terminus of the protein is essential for the encapsidation
and replication whilst the C-terminus mediates polymerase recognition (235).
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The biochemical requirements for N-RNA binding were investigated in vitro by

altering the extracellular environment (236). High concentrations of magnesium
ions (10 mM) increased the binding affinity of N for the viral RNA by over 2
fold. Metal ions enable nucleotide sequences to adopt specific conformations

(237-239), such as the hairpin-structures seen in the N protein binding sequences

of the BUN genomic RNA (228). Stabilisation of these secondary structures

enhances N protein binding. Alteration in ionic strength had little effect on

rapidity of N-RNA complex formation, suggesting a range of nonelectrostatic
forces such as van der Waals and hydrophobic interactions are important in the

recognition of structural determinants in the RNA sequence (236).

Examination of the X-ray crystal structure of the Borna disease virus

nucleoprotein led to a hypothesis for the mechanism of RNA binding and

packaging by the N protein (223). Calculation of the surface potential across the
face of the protein homotetramer revealed two regions that would be suitable for
RNA binding. A central channel formed by the tetrameric association of N
monomers and a diagonal groove running across the oligomer surface both
contain a high density of positively charged residues (Figure 1.15). Both sites

electrostatically complement the negatively charged backbone of the nucleotide
chain and are capable of 'docking' a single strand of RNA template. However,
the RNA chain is most likely wound around the outer face of the multimers since
this would circumvent nucleocapsid dissociation for polymerase access.
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Figure 1.15 A calculation of the charge potential (red:negative - blue:positive) across the
surface of the Borna virus disease nucleoprotein (223).

N-RNA binding is important for modulating the process of viral RNA

biosynthesis. This property was demonstrated for the orthobunyavirus La Crosse

N-protein, which modifies both the amount and rate of nucleotide synthesis by

binding to the genomic RNA (218). This downregulation of RNA synthesis is

particularly important in establishing non-cytopathic persistent infections in

arthropod host cells (240).

1.7 The Rhabdoviridae
Over 70 species of vertebrate Rhabdoviridae have been identified and

taxonomically classified. The family are subdivided into seven genera, examples
of which are given in Table 1.3. The Lyssavirus (rabies and rabies-like viruses)
and Vesiculovirus (vesicular stomatitis virus, VSV) genera are the prototypic
members of the group and their extensive characterisation makes them the

predominant focus for Rhabdoviridae-associated discussion throughout this
thesis.
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Family Rhabdoviridae

Genus Cytorhabdovirus
Strawberry crinkle virus

Genus Ephemeroviruv
Adelaide River virus

Genus Hart Park group
Flanders virus

Genus Lyssavirus
Australian bat lyssavirus
Mokola virus
Rabies virus

Strain CVS-11
Strain Street
Strain Pasteur/PV

Genus Novirhabdovirus
Hirame rhabdovirus

Genus Nucleorhabdovirus
Maize Mosaic virus

Genus Vesiculovirus

Piry virus
Vesicular Stomatitis virus

Strain San Juan
Strain Orsay

Table 1.3 Example members of the Rhabdoviridae family.

The family are important human and animal pathogens perpetuated in nature by
infected arthropods. The virus and host-species association can occur in two very

different manners. In a stable infection the rhabdovirus establishes a continual

cycle between vector and host with the transmitting individual displaying no

disease symptoms. The other form of interaction is when inter-species
boundaries are crossed and the virus becomes capable of infecting a new host.
This results in sporadic cases of disease, for example human rabies infection.
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1.7.1.1 Virion structure and viral life cycle
The bullet shaped virion of the Rhabdoviridae consists of a host-derived

envelope studded with approximately 400 trimeric glycoprotein clusters. The
membrane spanning glycoprotein projects approximately 10 nm from the lipid

bilayer and is the only virus-encoded moiety existing on the viral outer surface.
The holonucleocapsid structure is coiled into a densely packed helix producing
the cylindrical symmetry in each virus particle. The genome is bound to one N
molecule every nine nucleotides (241) and is also associated with P and L

transcriptase proteins. Internal to the lipid bilayer and surrounding the helical

nucleocapsid is the M protein, a. multifunctional polypeptide that interacts with
host and virus factors to assist viral propagation.

Matrix protein (M)

Large protein (L)

Phosphoprotein (P)

membrane
Nucleoprotein (N)

Lipid

Genomic RNA

Figure 1.16 Schematic drawing of a typical Rhabdoviridae particle. The particle is
hemispherical at one end and planar at the other (adapted from (242)).

The Rhabdoviridae are a neurotrophic family that must gain access to the cells

constituting the hosts nervous system in order to establish an infection (243).
Viral replication is highly efficient with progeny virions detected between two

and three hours post-infection. The life-cycle of the Rhabdoviridae initiates with
attachment of the virus particle to host cell receptors (244), including the

phosphatidylserine receptor (245), the nicotinic acetylcholine receptor (246) and
the murine low-affinity nerve-growth factor receptor (247). After binding, virus
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particles are absorbed into the cell via the endocytotic pathway (248); a process

that is catalysed by the glycoprotein in all rhabdoviruses (reviewed in (249)).

Generation of new viral genomes and structural proteins occurs through primary

transcription and replication pathways analogous with all other negative strand
viruses (described in section 1.1.1.2). Evidence suggests that the regulation of
mRNA biosynthesis in Rhabdoviridae is determined by the phosphorylation state

of the phosphoprotein (77, 87, 88). In some viruses the transcriptase complex has
its activity modulated via an interaction with cellular translation elongation
factors EF-loc, -1 (3, -ly (250). The M protein may also play a regulatory role in
the balance of virus transcription and replication. Finke et al, demonstrated that

deregulation of transcription occurred in the absence of the M protein whilst

genomic RNA synthesis was not affected (251).

The first stage of rhabdovirus assembly is the encapsidation of newly replicated

genomic RNA. The nucleocapsids are recruited to the cell membrane where they
are condensed into tightly coiled structures (252-254). A budding-domain in the

membrane-proximal region of the G protein drives efficient virion release (255).

1.7.1.2 Genome and coding strategy of the Rhabdoviridae
In terms of their genetic organisation, the Rhabdoviridae show similarity to both
the Paramyxoviridae and the Filoviridae. The genes of the Rhabdoviridae are

expressed from a single segment of RNA and encode a minimum of five
structural proteins (L, G, N, M, P). Fourteen separate virus genomes have been

sequenced and range in size from 11,019 bases (Spring viremia of carp virus) to

14,900 bases (Bovine ephemeral fever virus). The total length of the genome

includes a 3' leader sequence involved in initiation of the transcription process, a

5' noncoding sequence of variable composition and short intergenic sequences.

The genomes of the Rhabdovirus family are extremely compact. Intergenic

spacer, leader and trailer sequences consist of the minimum information

necessary for efficient transcription (256).

The five mRNAs of the rabies lyssavirus are ordered 3'-N, P, M, G, L-5' along
the genome. This gene order is highly conserved within the family. Genes are

transcribed in an attenuated fashion from 3' to 5', resulting in the production of
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low concentrations of the L protein and high levels of the N protein. Analyses of
the genomes of newly identified Rhabdoviridae have shown that some encode
additional proteins of unknown function. The genes that represent these proteins
are inserted at differing positions along the length of the genome (257-259). For

example, the mRNA transcribed from the M gene in VSV, encodes two further

proteins. Both proteins are in the same reading frame as M and are synthesised
from downstream start codons. These proteins have been shown to play a role in
viral cytopathogenesis (260).

1.7.1.3 Epidemiology
The Rhabdoviridae are enzootic in all regions of the world apart from Antarctica,
and are pathogenic to plants, animals and humans. The prototypic rabies virus
has been extensively documented with accounts of infection recorded from as

early as the 4th century B.C (261). A recent statistical analysis estimated that the
rabies virus is responsible for between 15,000 and 60,000 deaths annually
worldwide (262).

Clinical features of rabies are associated with neuronal dysfunction, a

phenomena linked to the neurotropic nature of the virus. Since 1970, only five
cases of recovery from symptomatic rabies infection have been reported. In the

majority of patients death results from severe encephalitis or respiratory and
cardiac failure (reviewed in (263)).

Rhabdovirus control and eradication problems are linked, in part, to the large
virus reservoirs. Skunks, raccoons, coyotes, foxes and bats are all carriers of
rabies accounting for the widespread distribution of the disease. For example, in
Central Europe the high incidence of the disease is linked to levels of infection
within the red fox species Vulpes vulpes (264).

For rabies, the dog acts as the main host and primary transmitter of the disease to

man (265). However bat species, such as Lasionycteris noctivagans, account for
the majority of human deaths in the United States (266) with the most recent

rabies fatality in Britain due to contraction of the European bat lyssavirus strain

(267). Phylogenetic analysis of N and G gene sequences has revealed the

exceptional ability of the rabies virus to evolve and infect new species,
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explaining the persistence of a highly pathogenic virus for over three millennia

(268, 269). The continual discovery and characterisation of new viral strains
demonstrates the adaptive capacity and zoonotic potential of the Rhabdoviridae

(270-272).

1.8 The glycoprotein (G) of rabies virus
The lyssavirus rabies is a neurotropic virus, capable of infecting all warm¬

blooded mammals including humans. Infection occurs via the bite of an infected
animal followed by a slow replication phase at the inoculation site. Invasion of
nerve endings then leads to rapid transmission through the spinal cord that
culminates in viral infection of the brain.

The transmembrane G protein of the rabies virus (CVS strain) is a type 1

glycoprotein with a molecular weight of approximately 60 kDa (520 amino

acids). The protein is situated within the lipid bilayer of the virion and projects
from the membrane surface to form spike-like structures. Each spike consists of
three G protein monomers (273) defining the functional unit for glycoprotein-
associated activity (274). The rabies G is a multifunctional polypeptide whose
activities have been extensively characterised. Comparisons can be made with
the glycoprotein from VSV, a protein with which it shares significant sequence,

biochemical and physical homologies (275) The rabies G is required for cell

receptor recognition prior to viral attachment (246, 247, 276, 277) and pH
induced conformational fusion of the virus envelope with the endosomal
membrane (274, 278). Furthermore, it is also responsible for the production of

virus-neutralising antibodies (VNAb) (279) and has been widely used in the

development of rabies vaccines (280, 281).

1.8.1 7V-glycosylation of rabies G
During the viral replication cycle, the rabies G is synthesised as a precursor,

which is proteolytically cleaved to remove a N-terminal signal peptide following
insertion into the host endoplasmic reticulum (282). The extracellular domain of
the rabies G protein contains three Asn-X-Ser/Thr potential N-glycosylation

sequons (283). At least one glycosylation site must be processed in order for the
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protein to function correctly. An engineered virus with non-glycosylated surface

glycoproteins is incapable of synthesising the soluble form of G. Soluble G

protein is normally present within infected cells prior to virion assembly (284,

285). The end result is the formation of a virus particle with no G spikes on its
outer surface (286, 287). It has also been observed that the unmodified protein

displays an altered immunogenic profile and is ineffective as a rabies vaccine

(288).

It has also been observed that the position of the glycosylation site within the

tertiary structure of the protein affects the frequency of chain addition. Some
sites show reduced levels of glycosylation as they are inaccessible to the

oligosaccharyl transferase enzyme. Experimental evidence suggests that certain

protein signal sequences may also influence modification of the nascent

polypeptide (289). It has been shown that deletion of regions in the C-terminus of
G alters glycosylation in a site-specific fashion. This region may be important in

determining the oligosaccharide acceptor activity of each Asn residue (287).
Biochemical studies of G suggest that only two of the three sequons are modified
in intact viral particles (290). However, the biological effect of N-linked

glycosylation can be dependent upon the position at which the carbohydrate side
chain is attached (133, 291, 292). Therefore, sites whose levels of glycosylation
are low may still effect specific protein functions (287).

1.8.2 Function as an antigenic entity in stimulation of the host
immune response

The protective effects afforded by rabies vaccines derived from inactivated or

attenuated virus cultures, can be attributed to the immunogenic properties of the
rabies glycoprotein (279, 280). Central to its ability to stimulate the production of
virus neutralising antibodies, are the oligosaccharide modifications that result in
the protein being expressed in the 'correct' conformation on the virus lipid

envelope (290, 293). After presentation by infected cells, the G protein is

recognised by cytotoxic T cells and the host immune response is initiated (294).

The antigenic characteristics of the protein have been studied using mutants

resistant to neutralization by monoclonal antibodies (295). Two sites were
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demonstrated to be the predominant antibody stimulating epitopes (site II (296)
and site III (295)), with each playing a unique role in viral pathogenesis (297).

By considering the protein-protein interactions within the surface G trimer,
several more antigenic sites were proposed with alternative epitopes formed by
residues derived from the association of each of the three proteins (298).

Additionally, it was demonstrated that the transmembrane domain influences the

adopted conformation of the ectodomain upon protein insertion into the lipid
membrane (299, 300). Hence the antigenic properties of G are dependent on both
the lipid environment and the oligomerisation state of the protein; consistent with
the stimulation and preferential interaction of antibody-secreting B cells with

highly repetitive and organized antigens (301, 302).

1.8.2.1 Induction of apoptosis
As discussed above, rabies G is the predominant viral antigen inducing the

production of viral neutralising antibodies. In vitro experiments conducted during
the 1970s predicted that host cell responses stimulated by rabies infection would
also effect the development of host immunity (303).

The apoptotic antiviral response is defined as an irreversible and programmed
series of steps culminating in death of the cell. Cell apoptosis following virus
infection triggers both the innate and adaptive host immune responses (304-306).
The transmembrane glycoprotein is a principal contributor to the pathogenicity of
rabies via the induction of apoptosis. This notion is supported by the observation
that increased levels of glycoprotein expression inversely correlate with

apoptosis (307). It is still unclear as to how rabies G operates to trigger the

apoptotic response although some information can be derived from the
differences observed in the G protein sequences isolated from pathogenic and
attenuated virus strains (308). Unlike their pathogenic counterparts avirulent
strains induce a strong antiviral immune response via the apoptotic pathway

(303). Qualitative aspects are also important and must be defined for the

complete elucidation of the rabies-induced apoptotic response.

49



1.8.3 Receptor binding
Receptor recognition and binding by G is an obligate step in viral infection and a

major determinant for tissue-tropism. Rabies is a neurotropic virus in vivo (309),

yet in tissue culture conditions it can infect nearly all-mammalian cell types

(310). Hence mediation of binding by rabies G is not limited to a single receptor

type.

Biochemical experiments designed to investigate the binding requirements of the
rabies virus suggested a mechanism sensitive to both pH and temperature, that is
also unaffected by the presence of divalent cations. Furthermore, G protein

binding does not operate via a specific sialic-acid recognition process as seen in
other negative strand viruses (244). The specific pathway for G protein binding

has not been elucidated. However, evidence suggests that both the a-subunit of
the nicotinic acetylcholine receptor (246, 276, 311) and a cysteine-rich domain in
the nerve growth factor receptor (P75NTR) (247, 312) have affinity for the rabies
G protein.

1.8.4 Mediation of cell fusion
The fusion properties of the rabies and VSV lyssaviruses are solely dependant on

the actions of the glycoprotein. As the only polypeptide present on the virion
outer surface, G must act autonomously to mediate fusion of the virus and host
cell lipid membranes (274, 313).

Rabies virus fusion is only detectable below pH 6.2 (274, 314) and is associated
with a reversible change in the glycoprotein conformation transforming it from
an inactive state to a fusion competent form (278, 315). Kinetic analysis of the
structural transition revealed an intermediate G protein conformation adopted

immediately before virus-host cell fusion (316). Characterisation of each

glycoprotein state led to a tentative hypothesis explaining the role of the pH
induced structural changes (317-319). In the native form (transient state),
detected at the virion surface, the protein mediates binding with the target

receptor (320). Transition into the active state reveals previously buried

hydrophobic residues that facilitate protein interaction with the target membrane
in the first step of endocytosis (316). The inactive state renders the virus 'fusion-
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inactive' and prevents inappropriate aggregation during intercellular processing
in the Golgi apparatus (321).

Experimental data suggests that rabies endocytosis requires further

oligomerization of the trimeric glycoprotein spikes immediately after
acidification (316). Examination of the virion surface under prefusion conditions
revealed a hexagonal lattice of trimeric G protein spikes that associate further

(three to four hexagons) to form a functional fusion complex (318, 322).

1.8.5 Role in viral exocytotic budding
Budding of enveloped viruses from cellular membranes requires an interaction
between membrane glycoproteins and cytoplasmic virus components (reviewed
in (323)). In the case of rabies virus, the transmembrane spike protein is

important, but not essential, for the production of progeny virions. Experiments

performed by Mebatsion and colleagues demonstrated that mutant viruses

lacking the G protein were still capable of producing normal, bullet-shaped
virions. However virus-titres were significantly reduced compared to wild-type

cultures, suggesting that the G protein promotes the efficiency of the exocytotic

process (324). It was later determined that G functions by working in concert

with the M protein (254, 325). The dimeric form of M associates with G via a

linear epitope located at its N-terminus (326). Following G-M association, the

protein complex is recruited to a lipid raft microdomain of the cell membrane

(255); regions important for the assembly and budding of several enveloped
viruses (327, 328). The glycoprotein may contribute to budding by facilitating
membrane curvature at the exit site, or by modification of the local lipid
environment allowing the selection of sub-domains of the plasma membrane that
are competent for virus release (329).
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1.9 Project potential and aims

1.9.1 Vaccines and antiviral therapeutics
The development of novel and efficacious treatments to combat potent viral
infections is a continual process requiring exhaustive medical and scientific
research. All four of the virus strains discussed within this thesis have the

capacity to infect humans and/or animals on an epidemic scale. Documented
outbreaks of rabies (330) and Newcastle Disease virus (100) have resulted in

catastrophic human and economic losses; whilst Simian Virus 5 and

Bunyamwera virus are extensively used as prototypic model systems for study of
the Paramyxoviridae and Bunyaviridae families respectively.

For years, biologists and virologists have worked in concert to provide detailed
information on the pathogenic nature of virally associated proteins. The
elucidation of the biological activities and intrinsic properties of viral

polypeptides has been invaluable in the development of therapeutic and

prophylactic treatments. For example, discovery of the antigenic components of
the NDV and rabies virus, the hemagglutinin-neuraminidase protein (331-333)
and glycoprotein transmembrane spikes respectively (334-336), led to their
selection as the natural candidates for vaccine development.

X-ray crystallography is a powerful tool for analysing protein function at an

atomic level. The elucidation of a polypeptide's tertiary structure can be pivotal
in understanding the precise structure-function relationships that underlie protein

activity. The derivation of apo-protein structures may provide invaluable
information on the oligomeric nature of a protein (52) and can be used to address
fundamental questions concerning interaction with other macromolecules (223).

Ligand-bound structures of enzymatic proteins can lead to direct identification of
substrate binding pockets and catalytic domains (117, 162). Definition of the
interaction between key active-site residues and compound functional groups,

coupled with synthetic organic chemistry is a powerful driving force in the
rational design and synthesis of antiviral, substrate-mimetic inhibitors (337).
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1.9.2 Project aims
The predominant aim of this project was focused towards the elucidation of the

tertiary structures of the phosphoprotein (SV5), nucleoprotein (Bunyamwera

virus) and glycoprotein (rabies virus) via X-ray crystallography. The small
number of published viral protein crystal structures reflects their awkward

disposition in relation to their use in structural studies. Therefore, a primary

objective of the work was to determine the suitability of each protein as a subject
for crystallisation experiments and use of this information in the preparation of
detailed groundwork material to facilitate future structural studies.

SV5 P represents a fundamental constituent of the viral polymerase complex. Its

ability to interact with the L protein and the nucleocapsid template are essential
to its function. Hypothetically, the long-term aim of this work is the
identification of potential protein-protein interaction domains and the design of
anti-viral peptide inhibitors targeted to these sites.

The ability of BUN N to bind viral RNA is undisputed, however the mechanism

by which it does so is not known. By obtaining the sturctural solution of the

protein alone or in complex with RNA this work is aimed at revealing clues
about the mechanistics of the genomic RNA replication and transcription

processes. Furthermore, visualisation of the binding pockets that coordinate the
interaction of the protein with the viral RNA template may also aid the rational

design of anti-viral inhibitors.

The presence of the rabies glycoprotein on the outer surface of the infectious
virion and its ability to stimulate the host immune response identified this protein
as an interesting structural target. This work endeavours to determine the

suitability of a yeast expression system for production of a glycosylated viral

protein circumventing the necessity for culturing the virus in vitro. The long-term
aim of this work would be to provide sufficient protein for use in crystallisation
trials with the ultimate goal of determining the tertiary structure. The use of such
structures in the understanding of the virus/host-cell interaction and the rational

synthesis of anti-viral small-molecules designed to inhibit cellular entry has been

extensively demonstrated for the HN protein ofNDV.
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Finally, this study was also aimed to extend previous experiments on the

catalytic domain of the hemagglutinin-neuraminidase protein (NDV) whose three
dimensional structure has been meticulously described (117). By obtaining

complexes of the protein bound to novel synthetic analogues of sialic acid, it was

hoped that insights would be gained into the in vivo potency of the molecules by

studying their interaction with the residues of the substrate-binding pocket.
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2 Chapter 2
2.1 The Phosphoprotein from Simian Virus 5

2.1.1 Background
The rubulavirus Simian Virus 5 (SV5) is a prototypic paramyxovirus that

predominantly infects canines (44). SV5 is also a human pathogen with persistent
infection resulting in chronic disease (33). As described in Chapter 1, the
tetrameric phosphoprotein (P) from SV5 has multiple functions and a modular
domain structure (52). Phosphoprotein activity is dependent on the addition of

phosphate groups at defined serine residues within the polypeptide backbone

(90). In other Paramyxoviridae P proteins, this posttranslational modification is

catalysed by the host enzyme, casein kinase-II (81). SV5 P is capable of
association with multiple binding partners including the L (48) and N proteins

(20, 21). It is the specific nature and timing of these interactions that modulates

protein function.

2.1.1.1 Aims

The initial aim of this project was to purify and crystallise the entire SV5 P

protein with the intention of extending our understanding of a functionally
diverse molecule. However, biochemical characterisation of the purified protein

suggested that the complete polypeptide was an unsuitable candidate for

crystallographic studies as the majority of the amino terminus exhibited a high

degree of flexibility. In order to obtain structural information from the virus

protein it was necessary to deviate from the initial project goals. Attempts were

made to induce protein folding by expressing the protein with its in vivo binding

partner N using both a bicistronic and dual-vector approach. To circumvent the

potential self-assembly of N and formation of insoluble protein aggregates,

constructs were designed to include the entirety of P and residues 1-299 or 230-
502 of N. However, analysis of overexpression trials indicated that the desired

process of P-N complex formation was not occurring.

In a continued effort to obtain structural information from P, trypsin digest and

GlobPlot, a computer-based predictor of globular domains, were used to
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delineate structured sub-domains of the protein. A parallel sub-cloning strategy
was employed to produce GST, MBP or his-tagged fusion proteins. Following

overexpression and purification of the SV5 P fragments, protein was placed into
limited crystallisation screens and initial biophysical characterisations performed.
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2.2 Experimental

2.2.1 Construction of pGEX2T-P
The SV5 P gene (1200 bp) was supplied in a pGEM-3 cloning vector (Promega)

(Professor Randall, St Andrews University). As the gene could not be amplified

directly from the cloning vector it was necessary to excise the P DNA from the

multiple cloning site using Hind III and EcoR I restriction enzymes (Table 6.2).

Digested P DNA was gel purified and amplified using standard PCR (Table 6.1)
with primers including Nco I and Bgl II restriction sites (Table 2.1). Vector and
insert DNA were digested with Nco I and Bgl II enzymes then ligated (section

6.1.2.8) and transformed (section 6.1.2.9) into competent DH5a E. coli.
Recombinant constructs were identified using colony PCR with pGEX

sequencing primers (section 6.1.2.10) and sequences checked by DNA

sequencing (Dundee University Sequencing unit, Dundee).

Forward 5'- GGA TCC CCG AAT TCC GAA AAC CTG TAT TTT CAG

GGC GCC ATG GAT CCC ACT GAT CTG AGC-3'

Reverse 5'- CCG GAG AGA TCT AAT TGC ACT GCG GAT GAT TGC

TTT CTT GAG - 3'

Table 2.1 Primers used to construct pGEX2T-P. The Nco I (forward) and Bgl II (reverse)
restriction sites are highlighted.

2.2.2 Expression and detection in pGEX2T-P
Following growth of E. coli cultures transformed with pGEX2T-P, expression of
the GST tagged protein was induced under a series of different conditions (Table

2.2). Soluble and whole cell samples were taken before and after induction then

analysed for the presence of SV5 P. MALDI TOF mass spectrometry on trypsin

fragments of SV5 P was used in conjunction with Western blotting (section

6.1.4.3.3) to confirm protein identity.
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Treatment [IPTG] Induction time
and temperature

A Heat Shock

(section
6.1.3.1.2.1)

0.5 mM 25 °C, 6 hr

B Cold Shock

(section
6.1.3.1.2.2)

0.5 mM 25 °C, 6 hr

C Low IPTG 0.1 mM 37 °C, 3 hr
D Standard 0.5 mM 37 °C, 3 hr
Table 2.2 Expression trial conditions for recombinant protein expression.

2.2.3 Construction of pHisTEV
The SV5 P gene was excised from the pGEM3 cloning vector as described above

(Figure 2.1). PCR was used to introduce Nco / and EcoR / restriction enzymes

sites at the 5' or 3' termini of the SV5 P gene (Table 2.3). The DNA was

amplified as before (section 6.1.2.1) with a decreased annealing temperature of
49 °C.

Forward 5'- AAT CAT AAC CAT GGA TCC CAC TGA TC -3'

Reverse 5'- TAT AGA TGA ATT CAA ATT GCA CTG CGG - 3'

Table 2.3 Primers used to construct pHisTEV-P. The Nco / (forward) and Eco RI (reverse)
restriction sites are highlighted.

PCR products were purified and digested with Nco I and Bgl II enzymes (Table

6.2) before being ligated into an identically prepared pHisTEV vector (Dr Lui, St
Andrews University). Insert presence was verified by colony PCR (Figure 2.1)
and integrity of positive clones confirmed by DNA sequencing as before.

59



1 2 3 4 5 6 7

1.5 kb -

1.0 kb ~

SV5-P DNA

(1.2kb)

Figure 2.1 DNA agarose gel stained with ethidium bromide and observed under UV light.
Gel shows a colony PCR screening for the SV5 P insert (1200 bp) present in the pHisTEV
vector. DNA was extracted and analysed from six colonies plus a negative control (lane 7).
Lanes 1-5 contain DNA from clones transformed with recombinant vector. Lane 6 contains

purified plasmid DNA with no insert.

2.2.4 Overexpression, detection and purification of soluble SV5 P
Following identification of construct-containing clones, E. coli cultures were

grown and optimal SV5 P expression conditions defined (Table 6.4). Protein
identification was confirmed by MALDI TOF mass spectrometry and by Western
blot analysis with anti-P antibodies (section 6.1.4.3.3.1). Soluble protein was

extracted in SV5 P sample buffer from cell lysates according to the protocol in
section 6.1.3.1. Initial purification was performed on a nickel affinity column

(section 6.1.4.4) with protein eluted in a volume of 50-60 ml.

To remove the 6-His purification tag from the N-terminus of SV5 P, eluted

protein was dialysed overnight into TEV cleavage buffer at 4 °C. The protease

was added in a ratio of 1 p.g per mg of protein and incubated for 16 hours at 4 °C.
The digestion process was monitored by SDS polyacrylamide gel electrophoresis
with the addition of 250 mM imidazole and 5 mM PMSF to quench the

completed reaction. Digested protein was passed across the nickel matrix and

purified away from uncleaved and non-specific binding contaminants. The
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solution was concentrated to a volume of 5 ml and passed down a gel filtration
column to remove minor contaminants. Finally, the homogenous protein solution
was concentrated to approximately 10 mg/ml in preparation for crystallisation
trials.

2.2.5 Initial attempts at crystallising SV5 P
Homogenous protein was placed in over 1000 different crystallisation conditions

using sitting, hanging and microbatch techniques (Table 6.7). Drop size was

varied, as was the protein:buffer ratio. Drops were set up by hand and using a

Hampton Research crystallisation workstation. Plates were placed at 4 °C, 20 °C

and room temperature. Experiments were checked after 24 hours and then at

regular intervals over an 18-month period.

2.2.6 Biophysical characterisation of SV5 P

2.2.6.1 Dynamic Light Scattering (DLS)
A 1 mg/ml solution of purified SV5 P was subjected to DLS using the DynaPro
MSTC Dynamic Light Scattering Instrument at 20 °C (section 6.1.6.1). Ten

readings were performed on three separate aliquots of the protein sample.

Hydrodynamic radius was used to calculate the polydispersity of purified SV5 P
in solution.

2.2.7 Co-expression of N and P

2.2.7.1 Construction of N-P bicistronic vectors

Residues 1-229 (Na) and 230-502 (NB) were subcloned from the N gene in the

pUHD10.3 vector (obtained from Professor Randall, University of St Andrews)
with PCR primers encoding the Nco I restriction site in the forward primer and
Nhe I and EcoR I sites in the reverse primer (Table 2.4). The P gene was

amplified from the multiple cloning sites of pHisTEV using primers with
identical restriction enzyme sites.
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Na Forward 5*- AAT CAT AAC CAT GGC ATC CGT GCT TAA AGC
ATA TG -3'

Na Reverse 5'- GGA ATG GTG GGC TAG CGA ATT CTC ACC TTT G -3'

Nb Forward 5'- GGA ATG GTG GCC ATG GAT TTC CTC ACC TTT G -3'

Nb Reverse 5'- GAT CTT GAC ATC TAG GAG CTA GCG AAT TCA
ATG -3'

P Forward 5'- ATC ATA ACC ATG GAT CCC ACT GAT CTG-3'
P Reverse 5'- GTG CAA TTA GAA TGC TAG CTC GAA TTC AAG CTT

GCG -3'

Table 2.4 Primers used for the amplification of NA, NB, and SV5 P in preperation of the
bicistronic construct. The Nco I (forwards) and Nhe / , EcoR / sites (reverse) are

highlighted or underlined.

PCR products were separated by agarose gel electrophoresis, excised and gel
cleaned. The inserts were digested with Nco I and EcoR I then ligated to a

similarly prepared pET-23d vector (Novagen). Recombinant vectors were

transformed into DE15a E. coli cloning cells and selected using ampicillin plates.
Insert presence was confirmed using colony PCR with T7 promoter and
terminator primers (Table 6.3).

SV5 P was removed from the multiple cloning site of pET23-d using EcoR I and
Xba I enzymes (Table 6.2) Constructs containing NA or NB were digested
downstream of the protein cistron using Nhe / and EcoR / then ligated to the SV5
P insert. Competent E. coli cells were transformed with the ligation mixture and

plated out on L-agar ampicillin plates. Single colonies were checked for the

presence of Na/b and P by DNA sequencing and colony PCR using combinations
of the T7 forward/reverse primers (Table 6.3) and a complementary protein

specific primer (Table 2.4). The resulting bicistronic construct is shown in Figure
2.2.
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77 Promoter

Amp
pET 23-d

3600bp

\ Xba 1

JfSD
. L Nco 1

Wi'
Nucleoprotein

sd

tt Nco 1

6-His tag Phosphoprotein
Nhe 1

Eco R1

Figure 2.2 The bicistronic construct for SV5 Na/b and P expression. The positions of the
nucleoprotein and phosphoprotein sequences are indicated with the restriction enzyme sites
used to position the inserts in the correct orientation. The position of ribosomal binding
sites are also annotated (SD, Shine-Dalgarno sequences).

2.2.7.2 Construction of pRSF-P and preparation of the dual-vector
expression system

Standard PCR was performed to amplify SV5-P from the pHisTEV multiple

cloning site using primers encoding the Sac 7 and Not I restriction enzyme sites

(Table 2.5).

Forward 5'- AAT GAG CTC GTG AT GAT CC -3'
Reverse 5'- CAA TTT GAT ATG CGG CCG CTA TG -3'

Table 2.5 Primers used for the amplification of SV5 P for insertion into pRSF-lb. The Sac /
(forward) and Not I (reverse) restriction enzyme sites are highlighted.

Following gel extraction, inserts were digested with Sac I and Not I enzymes

(Table 6.2) and ligated into a pre-digested pRSF-lb vector (Novagen). Ligation
mixtures were transformed into BL21 (DE3), BLR (DE3) and HMS174 (DE3)

competent cells and grown on L-agar kanamycin plates. Insert presence was

verified using colony PCR with T7 primers (Table 6.3) and analysed by DNA

sequencing.

Transformed cells were made competent (section 6.1.3.1.1) and stored at -70 °C.

Aliquots were defrosted and re-transformed with pET23-Na/b (section 2.2.7.1).
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Cells were grown on LB plates containing 50 fig/ml kanamycin (selection for

pRSF-P) and 100 (ig/ml ampicillin (selection for pET23-Na/b)- a schematic

representation of the two vectors is shown below (Figure 2.3).

Eco R1

Figure 2.3 A schematic representation of the co-expression constructs. Panel A shows the
Na/b encoding vector with its ColEl (pBR322) replicon and ampicillin resistance gene. Panel
B shows the pRSF-lb vector with its kanamycin resistance gene and its RSF origin of
replication. Vectors are not drawn to scale.

2.2.7.2.1 Co-expression from the pRSF/pET dual-vector system
Colonies containing both plasmids were propagated and co-expression induced

following the conditions outlined in Table 6.4. Cells were harvested and soluble

protein extracted as before (section 6.1.4.1). Clarified cell lysates were passed
across a metal-chelating column (section 6.1.4.4). Elution and flowthrough
fractions were pooled and concentrated using Viva Science spin concentrators

before a 10 pi aliquot was analysed by SDS gel electrophoresis. Gels were

blotted onto a nitrocellulose membrane (section 6.1.4.3.3) and proteins detected
with anti-P or anti-N primary antibodies (section 6.1.4.3.3.1 and Table 6.6).
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2.2.8 Sub-cloning, expression and purification of SV5 P domains

2.2.8.1 Trypsin digest of SV5 P
SV5 P purified and concentrated to 0.1 mg/ml was subjected to limited protein

proteolysis using the enzymatic activities of trypsin (Promega). A series of

parallel digests were performed using the trypsin: protein ratios in Table 2.6.

Trypsin SV5 P
1 25
1 50
1 100
1 200
1 400

Table 2.6 Ratios of trypsin and protein used during limited proteolysis reactions.

In brief, concentrated protein was dialysed into trypsin digest buffer then diluted
to an appropriate concentration before the addition of 0.5 jig/ml trypsin enzyme

(adapted from (338)). Digests were incubated at 37 °C, 20 °C or 4 °C and

aliquots removed every 30 minutes for 3 hours. Reactions were terminated by

placing samples at -80 °C. Digested protein fragments were separated by SDS
PAGE then transferred onto a nitrocellulose membrane (section 6.1.4.3.3). Blots
were stained for 10 minutes in 0.1 % amido black and bands of interest excised

then subjected to five-six rounds of NH2 terminal peptide sequencing (Protein

Sequencing Unit, St Andrews). Small amounts of protein were purified directly
from the trypsin digest reaction using size exclusion chromatography.

2.2.8.2 Parallel cloning of SV5 P fragments
SV5 P fragments defined by trypsin digest or predicted by GlobPlot (section

2.3.3.2) were PCR amplified from the gene template using primers shown in
Table 2.7.
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pGEX-4T vector
TF1 5'- ATG AAG TCA GGA TCC AGG TCA CTG

-3'
BamH I

TF1 5'- CAA CTG TGA AAT GAA TTC ACC CGG
GAG -3*

EcoR 1 if

TF2 5'- GAA ACC GCG AGA ATT CAT TGC CAT
TGT GCC A -3*

EcoR 1

TF2 5'- GAA ATT TGG AAA ATA AAG TCG ACT
GAC AC -3'

Sal /

TF4 5'- GAG ATG GGA TCC AGG TCA CTG AGT
-3'

BamH/

TF4 5'- ATC AGC AAA TAG AAT TCG AGG GAA
G -3'

EcoR 1 -jf

PiP 5'- GAG TAC TCA AGA ATT CGG GTG GGA
G-3*

EcoR 1 if

PiP 5'- CTG TGA AAT GAG CGG CCG CGG GAG
TT -3'

Not I

GP 5'- TAA GAA TTC TGT ATG GTT ACT GTG
GAA GAT G -3'

EcoR 1 if

GP 5'- CTA ATT GAC CTC TGA ATA GCG GCC
GCA TA -3'

Not I

OP 5'- CAG TGC AAT TTG AGC GGC CGC ATA
ATA A -3'

Not /

pHisTEV vector
TF1 5'- GAT GAA GCC ATG GTC AAG GTC AC -

3*
Nco /

TF2 5'- GAA ACC GCG ACC ATG GAT TGC CAT
TG -3'

Nco I

TF2 5'- GAA ATT TGG AAA ATG AAT TCT GAT
GAC AC -3'

EcoR I

TF4 5'- GAG ATG AAG CCA TGG TCA CTG AGT
3'

Nco I

TF4 5*- ATC AGC AAA TAG AAT TCG AGG GAA
G-3'

EcoR I

PiP 5'- AAT CAT AAC CAT GGA TGG GTG GGA
G-3'

Nco I if

PiP 5'- GAT TAC AAC TGT GAA ATG AAT TCA
TCT ATA -3'

EcoR I

GP 5'- AAT CAT AAC CAT GGA TGT TAC TGT
GG -3'

Nco /

GP 5'- CTA ATT GAC CTC TGA ATT CAT CTA
TA -3'

EcoR I

OP 5'- CCG CAG TGC AAT TTG AAT TCA TCT
ATA -3'

EcoR I

Table 2.7 Primers used for the amplification of fragments TF2, TF1, TF4, PiP, GP and OP
for cloning into pHisTEV and pGEX-4T expression vectors. Restriction enzyme sites are
highlighted with red in the forwards direction and blue in the reverse direction primers.
Marked primers (star) were used for cloning into multiple vectors.
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PCR products were gel extracted (Figure 2.4) and digested with appropriate
restriction enzymes.The vectors pHisTEV and pGEX-4T (Amersham Pharmacia

Biotech) were prepared in a similar manner then ligated to their corresponding
insert.

PiP GP OP

1000 nt
750 nt
500 nt
250 nt

OP (639 nt)
PiP/GP (288/297 nt)
YP (66 nt)

TF1 TF2 TF4

Figure 2.4 Digested PCR products separated by electrophoresis. Panel A shows trypsin
fragment derived gene regions (TF1,2 and 4). Panel B shows GlobPlot predicted sub-
domains (OP, GP, PiP (and YP - see section 2.3.5.1.2)).

Each ligated product was transformed separately into competent E. coli and
colonies screened for the presence of SV5 P sub-domains. Positive clones were

selected and amplified then the plasmid DNA extracted. DNA sequencing with
T7 or pGEX primers (Table 6.3) was performed to confirm insert presence.

750 nt
500 nt
250 nt

TF4 (525 nt)
TF2 (165 nt)
TF1 (273 nt)

2.2.8.3 Overexpression, detection and purification of soluble SV5 P sub-
domains

The sub-domains of SV5 P were expressed in E. coli according to the directions

given in Table 6.4. Soluble proteins were purified according to their affinity tag

(section 6.1.4.4 to 6.1.4.6). Following tag removal, proteins were concentrated

using Viva Science membranes with a 3-10 kDa cut-off then passed across a

Hiprep™ 16/60 Sephacryl™ S-200 gel filtration column (section 6.1.4.8). Protein
identification was confirmed by mass spectrophotometry.
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2.3 Results and Discussion

2.3.1 Obtaining soluble SV5 P
Expression from the pGEX-2T vector failed to yield a GST tagged P protein.

Therefore, it was decided to clone the gene into a different expression vector in
an attempt to obtain soluble protein. The selection of pHisTEV was based on

trials conducted in our laboratory suggesting that the vector significantly
enhanced the level of expression of previously insoluble and poorly expressed

proteins (Merkel, A., unpublished data). Expression yields from the pHisTEV-P
construct were high and allowed the purification of milligram quantities of

protein (Figure 2.5).

P (+ GST)
(69 kDa) "

O* ^ si?

49* 203 kDa

115 kDa

-< 93 kDa

-( 48.2 kDa

ly 34.7 kDa SV5-P
(42 kDa)

28.2 kDa

— 21.1 kDa

m 7.2 kDa

c,& V*
200 kDa

66.3 kDa

55.4 kDa

36.5 kDa

21.5 kDa

Figure 2.5 A comparison of SV5 P expression levels in the pGEX2T and pHisTEV vectors.
Aliquots of crude cell extracts were run on SDS polyacrylamide gels following
overexpression trials. Panel A shows pGEX2T-P overexpression. Panel B shows levels of
pHisTEV-P overexpression.

Western Blot analysis of crude cell extracts indicated that SV5 P was highly

susceptible to non-specific proteolytic hydrolysis during expression (Figure 2.6).
Protein expression was performed in a number of protease-deficient E. coli
strains to increase protein yield. Results indicated that the greatest decrease in

proteolysis occurred following expression from the UT5600 (OmpT deficient) E.
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coli strain. Subsequent extraction and purification steps were also carried out at 4
°C in the presence of a protease inhibitor cocktail (Complete tablets - Roche).

Figure 2.6 Western Blot analysis of SV5 P overexpression trials. Each immunoblot was
performed using an anti-P antibody. Panel A shows typical protein degradation during an
expression trial conducted in BLR (DE3) E. coli cells. The blot shows samples taken at 30
minutes and 4 hours post-induction. Samples were processed to obtain soluble protein then
rapidly purified on a nickel column. As expected, induction of SV5 P results in an increased
yield over time. However the level of proteolytic degradation is also more pronounced and
the concentration of contaminating products is high. Panel B shows samples purified from
crude cell lysates following P overexpression in UT5600 (lane 1), ER2508 (lane 2) and BL21
(DE3) (lane 3) E. coli cells. The V protein (lane 4) is present as a positive control since it is
amino co-terminal with the P protein and interacts with the anti-P antibody.

Purification of SV5 P was facilitated by use of the His-tag fused to the carboxyl
terminal of the protein. Passing the clarified cell extract over a metal chelating
resin allowed removal of a significant number of contaminating proteins. The

protein was seen to be about 80 % pure following this initial step (Figure 2.7).
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A

F1 F2 F3 F4 F5

SV5 P (42 kDa)

B

66.3 kDa

55.4 kDa

__— SV5 P + 6-his tag
SV5 P - 6-his tag

36.5 kDa

31.0 kDa

Figure 2.7 Panel A shows a fragment of SDS polyacrvlamide gel showing SV5-P fractions
eluted from a nickel affinity column. All fractions (F1-F5) containing SV5 P were pooled
and dialysed into TEV digestion buffer for removal of the 6-His tag. Panel B shows a gel
monitoring the removal of the 6-His tag from the amino terminal of SV5 P. Lane 1 is
uncleaved protein. CI and C2 are protein post-digestion. The slight shift in molecular
weight indicates the removal of the purification tag.

The efficiency of recombinant protein purification is greatly increased by the use

of chimeric proteins in which the protein is fused to a specific affinity tag.

However, the lack of tertiary structure in the 6-histidine tag encoded by the

pHisTEV vector was a source of extra flexibility that could potentially affect the

process of packing during crystal formation. It was therefore decided to remove

these residues from the N-terminal of SV5 P. Separation of protein from tag was

achieved using the specific proteolytic action of TEV protease (Figure 2.7) (339).

Digested protein was passed across a second nickel-affinity column to remove

undigested SV5 P and other contaminants that were previously retained on the
metal chelating matrix. Post-nickel column samples of P were analysed by SDS
PAGE and in all cases seen to contain minor contaminants. Single-band purity

protein was obtained following a final gel filtration column (Figure 2.8).
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Figure 2.8 Panel A shows purity of digested SV5 P following a second nickel affinity
column. Panel B is an elution profile from a gel filtration column with the corresponding
SDS gel of the peak fractions.

2.3.2 Crystallisation attempts and biochemical characterisation of
SV5P

Despite extensive attempts, crystals of SV5 P were never obtained. These results
indicated that the protein might be intrinsically disordered in nature and led to

the development of biophysical experiments designed to further characterise the

protein.

2.3.3 Dynamic Light Scattering
In dynamic light scattering experiments, monochromatic light is directed through
a solution and the fluctuation of light intensity by the molecules is analysed. The

hydrodynamic radius of each particle is then calculated being determined by both
molecule mass and conformation. DLS is used to calculate the number of

molecular species or aggregates within a protein solution and is a useful tool in

determining the homogeneous nature of a 'pure' protein sample. The DLS data
obtained from purified SV5 P is summarised in Table 2.8.
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Experiment Rh (nm) MW (kDa) Cp (nm) Cp/RH (%) Cp/RH Index

Monomodal 34.13 18193.2 23.8 71.8 0.53

Table 2.8 Averaged data obtained from DLS experiments with SV5 P. RH = hydrodynamic
radius. MW = molecular weight. Cp = polydispersity.

An ideal protein crystallisation sample would give DLS values signifying a

narrow monomodal size distribution and negligible polydispersity. The results
for SV5 P demonstrated a significant amount of polydispersity (71.8 %)

indicating a large number of P protein species in solution (Figure 2.9 Panel A).
The presence of high-order P multimers was confirmed by native gel

electrophoresis (Figure 2.9 Panel B).

Figure 2.9 Panel A shows the % scattering versus RH graphs obtained from the DLS
experiments. Each bar represents a different protein species in the 'pure' SV5 P sample.
Panel B shows a native protein gel of purified SV5 P where proteins migrate according to
their non-denatured state. Proteins that are monomeric, dimeric trimeric etc. migrate into
the gel (Lanes A and B). Proteins that form high molecular weight aggregates (SV5 P)
remain in the loading well or at the top of the gel.

DLS was also used to investigate the globular nature of SV5 P. It has been shown
that globular proteins have significantly altered hydrodynamic properties

compared to fully or partly unstructured protein species. This can be quantified

by calculation of the hydrodynamic volume of the molecule, which is empirically
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related to the number of residues within an individual protein species (340). SV5
P is a 42 kDa protein consisting of 392 amino acids. DLS of proteins of a similar
molecular weight produce a RH value of between 2 and 3 nm for globular

species, whilst the Rh value of natively unfolded proteins ranges from 44 to 58
nm (341). The average Rh value of SV5 P (34 nm) indicated that the protein
contained a mixture of globular and unstructured domains.

These results explained the lack of macromolecular crystal growth since

crystallisation requires a high degree of order within a protein solution.

2.3.3.1 Circular Dichroism (CD)
To further investigate the secondary structure of SV5 P, purified protein samples
were analysed by circular dichroism. A CD spectrum is produced by the

preferential absorption of left or right circularly polarised light by asymmetric

secondary structures. Characterisation in the far-UV region (180-240 nm) can be
used to quantitate the overall structural content of the protein (absorption by the

peptide bond). Absorption in the near-UV spectra is by aromatic amino acid side
chains that are present in specific chiral environments due to the folding of the

polypeptide chain. This gives rise to fingerprint-spectra that can be compared to

model CD absorption patterns derived from proteins whose native structures are

known (342-344). The near-UV and far-UV spectra of SV5 P are shown in

Figure 2.10
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Figure 2.10 CD spectra results for purified SV5 P. Panel A is the near UV spectrum
measured at 1 mg/ml in a 0.5 cm pathlength quartz cell. Panel B is the far UV spectrum
measured at 0.25 mg/ml in a 0.02 cm pathlength quartz cell.

The far-UV CD spectra of SV5 P indicated that the protein contained a degree of

globular folding with intense negative elipticity at 222 and 208 nm characteristic
of a-helix secondary structural features. This data corroborates with previous

sequence alignments and structural predictions made for the C-terminal domains
of the Paramyxoviridae phosphoproteins (50). Furthermore, the helical nature of
these viral proteins has been visualised via the X-ray crystallographic solutions
of the SeV P oligomerisation domain (52) and the measles virus P N-binding

region (71) (see Figure 1.5 and Figure 1.6). Like the predicted secondary
structure of SV5 P, the tertiary structures of both SeV and measles P protein

fragments are rich in a-helices.

Analysis of the SV5 P near-UV spectra revealed a strong maximum at 264 nm.

This intensity is close to the region where nucleic acids absorb polarised light but

may also reflect a high phenylalanine content. Since SV5 P contains only five
Phe residues (1.2 % of the polypeptide chain) the UV absorbance (OD260/280) of
the sample was checked and the solution was determined to contain a significant
concentration of RNA/DNA species. To remove these contaminating species,
RNA and DNA nucleases were added to buffers during subsequent purifications.
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However, the overall effect on protein crystallizability was nil as new batches of

homogenous SV5 P still failed to yield crystals.

2.3.3.2 GlobPlot Analysis
Although CD spectra predicted P protein folding into helical structures, the

interpretation of this result was confused by DLS data that suggested portions of
the protein lacked globular structure. DLS and CD spectra can only be used to

describe the global presence of globular and unstructured regions. To determine
the precise locations of disordered regions within SV5 P the protein sequence

was submitted to the GlobPlot server for analysis (http://globplot.embl.de).
GlobPlot is a bioinformatics tool that was designed to facilitate structural biology
in the post-genomic era. By rapid definition of the boundaries of intrinsically
unstructured and structured regions within a polypeptide chain it is possible for

crystallographers to determine the suitability of a target for structural studies

(345). GlobPlot uses an algorithm that predicts the propensity for each amino
acid within a protein sequence to be in an ordered or disordered state. The

computer output is a graphical representation of disorder propensity versus

residue number. The GlobPlot of SV5 P is shown in Figure 2.11 with the
GlobPlot of the crystallised region of NDV HN included for comparison.
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Figure 2.11 Panel A shows the disorder propensity predictions for amino acids 1-392 of SV5
P. Residues 1-196 lie within putative unstructured segments. The remaining amino acids
are located in globular protein regions. Panel B is the GlobPlot of the NDV HN protein. The
protein has no large disordered regions facilitating its crystallisation (117).

Analysis of the GlobPlot for SV5 P revealed a long disordered region (25 % of
the total protein) in the N-terminus of the protein, which would confer a high

degree of flexibility to the polypeptide chain. This result is consistent with the
DLS data and also with the inability to obtain SV5 P crystals from extensive

crystallisation experiments. GlobPlot also validates the CD spectra results, since
the majority of C-terminal residues (66.3 % of the protein) reside within putative

globular segments.
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For comparison, a GlobPlot prediction made with the P amino coterminal

protein, SV5 V, produces an almost identical output with residues 1-92

exhibiting a high propensity for disorder. In order to explain the presence of
these regions within the P and V proteins, these results can be interpreted with

respect to protein functionality. Experimental data indicates that V, in a similar
manner to P, performs a wide array of biological activities (see section 1.2.1).
The structural plasticity of P and V would represent a considerable functional

advantage allowing them to interact efficiently with several different binding

partners. It has also been suggested that the disorder/order transition induced in

natively unfolded proteins upon target binding would provide a simple
mechanism for regulation of multiple in vivo processes (346, 347).

During the course of these experiments a study investigating the structural
disorder within the N and C terminal domains of the measles virus P protein was

published (348). These results were quickly followed by a deeper investigation
into the structural disorder and modular organisation of a series of

Paramyxoviridae P proteins (349). Proteins used in both studies exhibited
structural characteristics similar to SV5 P. Karlin et al proposed a common

structural organisation for all paramyxovirus phosphoproteins including a

hydrophobic N protein-binding region with a-helical potential, a N-terminal
disordered region and a coiled coil motif for oligomerisation.

2.3.3.3 Conclusions from SV5 P characterisation experiments
The level of disorder within SV5 P makes it a poor candidate for crystallisation

experiments. However, it has been demonstrated by other groups that similar
viral proteins still have potential to yield informative structural data (52, 76). In
these cases, protein regions defined by limited proteolysis were sub-cloned,

purified and crystallised as independent entities.

Using results obtained during the characterisation of SV5 P and information
derived from the studies described above, parallel strategies were designed to

circumvent the structural disorder of P and obtain protein crystals.
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2.3.4 Co-expression of P and N
To confer tertiary structure upon the disordered domain of SV5 P, two methods

were developed for co-expression of the protein with its in vivo binding partner

SV5 N. It has been shown that natively unstructured proteins can adopt folded
conformations upon binding to their biological targets (350). A recent case study,

exemplifying the coupling of folding and binding, was carried out using N and P

proteins purified from the measles virus. Experimental data showed that during
the protein-protein interaction an intrinsically disordered region in the N protein
was induced to fold (351). It was hoped that a similar unstructured-to-structured
transition would occur for the N-terminus of SV5 P.

SV5 P has two separate binding sites for N, one of which is common to the V

protein (20) (Figure 2.12). Similar sites have been defined in a number of other

paramyxoviruses and rhabdoviruses including measles, VSV and pneumovirus of
mice. In all cases the two sites were located at opposite termini in the P protein

(69, 70, 72).

1 164 367 392

u
Binding Site 2

164 222 (res 367-392)

SV5 V

Binding Site 1

(res 1-164)

Figure 2.12 Schematic representation of the binding sites for N in the SV5 V and P proteins.
The site in the shared N-terminal of the proteins is believed to be important in the binding
of soluble N. The unique site in the C-terminus of SV5 P is thought to be the major binding
site on P with increased affinity for polymeric N (20).

The N-P interaction is essential for different biological functions performed by
each protein. For the paramyxovirus SeV, P acts as a chaperone for N preventing
it from self-aggregation and assembly in the absence of viral replication. This
interaction occurs via the conserved N-terminal region of the N protein (49, 352).
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Co-expression of the entire N and P proteins in SV5 leads to formation of large

aggregates. These are believed to form by P cross-linking of self-assembled N

complexes (21). A later study demonstrated that P was able to interact with N in
both its assembled and soluble forms; the latter interaction occurring via the V

protein-binding site (20). Since V solubilises SV5 N, it is possible that SV5 P-N
interaction mediated by this binding site would produce a soluble protein

complex.

2.3.4.1 Bicistronic co-expression
Bicistronic protein expression has been successfully achieved to produce protein
fusion complexes. These recombinant molecules have included a diverse range

of proteins including photosynthetic chloroplast enzymes, human cytokines and
viral polymerase proteins (353-355). In construction of P and N bicistronic

vectors, the selection of N protein domains was based on literature exploring the
N-P interaction throughout the Paramyxoviridae. The entire P protein (42 kDa)
was always expressed since the aim of the project was derivation of its tertiary
structure. Two regions of the N protein were selected for subcloning. The

regions, residues 1-229 and 230-502, were chosen since both the amino and

carboxyl termini of the protein are thought to contain a single P binding site.

Furthermore, it was anticipated that dividing the protein into two separate

domains would preclude the self-association of N and prevent the formation of
insoluble protein aggregates. These hypotheses were based on a mapping study
conducted in the measles virus N protein. Mutation of two hydrophobic residues

separated by five residues and positioned between the proteins termini resulted in
a molecule with an impaired self-association phenotype. Alignment of the

nucleoproteins of the Paramyxoviridae showed a significant degree of homology

(65 %) within this region (356).
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Figure 2.13 Sequence alignment of the Paramyxoviridae nucleoproteins. * indicates the sites
targeted for mutation by Karlin et al in measles N (356). Also indicated (number in bold
above alignment) is the position of the division of the nucleoprotein for co-expression with
SV5 P. (Identity: £lu| > 50 %, |*ed > 75 %, Yellow > 100%)

2.3.4.1.1 Preparation of the bicistronic vector
The pET23-d vector was chosen as the host for the two protein sequences

because of its 6-histidine purification tag. Each fragment was cloned into the
vector downstream of a Shine-Dalgarno (SD) sequence to ensure protein

synthesis was initiated for each protein. The use of the Xba I and Nhe /
restriction enzymes to create complementary 'sticky' ends facilitated insertion of
the SV5 P fragment into the pET23-Na/b plasmid. A standard procedure during

any cloning experiment is to transform a competent E. coli cell line that is

'genetically stable' (e.g. DH5a or Tarn I). These cell lines maintain plasmid

integrity during long-term storage. However, it was noticed that following
transformation into these strains only one gene sequence (predominantly P) could
be detected in subsequent colony PCR. As both genes could be detected

individually prior to ligation and post- EcoR I and Nhe I / Xba I digestion it was

assumed that the disappearance of the second product occured following E. coli
transformation. Recombination between homologous DNA sequences is a

frequent and important event in E. coli creating genetic diversity and allowing
the repair of nucleotide damage (reviewed in (357). As such, E. coli strains
encode a plethora of recombination proteins, including the strand exchange

protein RecA (358). Since the bicistronic vector had purposefully been
constructed with two identical ribosome-recognition sites 5' to the Na/b and P

sequences, it was concluded that homologous recombination between the two

regions resulted in gene excision. The problem persisted even after further
transformations into recombination deficient E. coli including BLR (DE3)

(Novagen), ER2267 (NEB), JM109 (NEB), SURE® (Stratagene) and NovaBlue
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(Novagen) competent cells. It was hypothesised that the construct would have to

be remade with novel SD sequences at the 5' end of each gene. Although the
introduction of a new site would not be difficult, the design of a functional
translation initiation sequence was deemed a too complicated process. For

example, SD sequences must be able to base pair to the 3' terminal of the 16S
rRNA. However, the length of complementarity is critical in determining the

strength of ribosome binding that might, in turn, interfere with migration of the
macromolecule. Furthermore the distances between the start codon and the SD

site, plus a number of consensus sequences located around these regions

significantly alter translation efficiency (359, 360). Therefore, it was decided to

attempt a second co-expression strategy employing a dual-vector system.

2.3.4.2 Dual vector expression
The dual-vector expression system was implemented to overcome the hurdle of

homologous recombination between the sequences located at the 5' ends of the P
and N gene fragments. The development and application of similar systems in E.
coli is relatively uncommon, with the preferred method being infection of
baculovirus insect cells with independent expression vectors (361, 362).

However, a handful of reports have demonstrated successful implementation of
the technique within prokaryotic expression systems (363-365).

2.3.4.2.1 Generation of DNA constructs for co-expression of NA/b and P in
E. coli

To reduce the number of cloning steps it was decided to maintain the NA and NB

gene fragments within the pET23-d vectors made during the preliminary stages

of bicistronic construct preparation. The P gene was transferred into a pRSF-lb
vector (Novagen), designed specifically for co-expression with pET derived
vectors.

The pRSF/pET system fulfilled the three criteria necessary for a two-vector

bacteria expression system. First, both vectors were compatible with a T7-

promoter/IPTG inducible protein expression system. Second, each vector

conferred a different antibiotic resistance (pET23-d = ampicillin and pRSF-lb =
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kanamycin) to the transformed E. coli, facilitating the selection of a dual-plasmid

containing-clone. Third, both vectors had compatible origins of replication

(pET23-d = ColEl (pBR322) and pRSF-lb = RSF1030) to prevent segregation
and loss of plasmids in culture (366). Furthermore, the inclusion of a stop codon

(UAG) at the 3' end of each N gene segment and the inclusion of a His-tag at the
N-terminus of SV5 P prevented the expression of a double-tagged binary protein
structure that could potentially interfere with N-P complex purification.

2.3.4.2.2 SV5 P and Na/b co-expression
The presence of each insert was monitored following individual and co-

transformation reactions. Cultures were induced at a low temperature (15 °C) to

promote protein folding and soluble complex formation. Overexpression trials
were conducted and lysates examined for the presence of a Na/b-P complex (68-
72 kDa) by SDS PAGE and mass spectrometry. Elowever, the absence of a band
at the correct molecular weight indicated that complex formation was not

occurring as predicted. To investigate this further, cell extracts were passed
across a nickel chelating resin. Flowthrough and eluted fractions were analysed

by Western blotting with N and P specific antibodies (Figure 2.14).
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Figure 2.14 Western blot analysis of NA and P co-expression. Panel A shows eluate and
unbound fractions from a nickel-chelating affinity column detected with antibodies against
the SV5 P protein. Panel B shows aliquots from the same fractions detected with antibodies
against the SV5 N protein.

Western blot analysis demonstrated that both proteins were expressed in E. coli.

However, the two proteins were located in separate fractions following His-

tagged purification indicating that their association, if any, was not sufficient to

endure cell lysis and allow subsequent co-purification.

N and P bind to each other during the viral replication cycle. However, there may

be a number of intracellular cofactors or virally expressed proteins that are

important for N-P complex formation and stability, which are not present during

prokaryotic in vitro expression. The probability of N-P binding may therefore be

compromised preventing the effective production of a soluble and globular P

protein. During these experiments SV5 N was expressed as two independent sub-
domains to inhibit protein aggregation and self-assembly. The precise

requirements for P recognition by SV5 N have not been ascertained. Hence, there

may be additional undefined regions involved in the binding process or the

requirement for a concerted action or signalling process between the amino and

carboxyl termini before stable complex formation can occur.
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The process of determining in vitro co-factors would be a random process

utilising a trial and error approach. The potential requirement for extra protein

partners would require a substantial modification to the cloning and co-

expression procedure with the requirement for at least one bicistronic construct.

Furthermore, expression in E. coli from two independent vectors is empirical
with no opportunity to modulate the ratio of N and P expression. As relative

protein concentration may be another contributing factor to stable complex

formation, each gene would have to be reinserted into vectors for expression in
baculovirus systems. As none of the above approaches could guarantee

production of protein suitable for crystallisation experiments, it was decided to

adopt a different strategy to obtain structural information from the viral protein.

2.3.5 Crystallisation of SV5 P fragments
A survey of the literature available on viral protein structures revealed that the

growth of macromolecular crystals could be greatly facilitated by the use of a

truncated protein sequence (52, 117, 224). For all crystals the polypeptide was

altered to remove 'non-crystallisable' protein domains such as transmembrane

regions and long flexible chain segments. Since the N-terminus of SV5 P is

intrinsically disordered it was decided to employ a similar approach and define
ordered domains within the polypeptide chain for individual expression.

2.3.5.1 Selection of SV5 P sub-domains

Two separate methods were devised for the selection of P fragments. The first
consisted of a computer-based approach using the GlobPlot server to specify

putative globular domain. The second approach involved the use of limited

protein proteolysis to define stable and independent protein regions. Fragments
defined by both procedures were sub-cloned from the SV5 P gene and expressed
in E. coli.
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2.3.5.1.1 GlobPlot selected domains

The GlobPlot server was used for its rapidity and lack of requirement for

homogenous protein samples (Figure 2.11). Globular regions were selected from
both the C and N-termini (Table 2.9).

Sub-domain code Length (nt) Spanning residues Encoded protein
mass

OP 639 180-392 23.3 kDa
GP 297 284-383 11.0 kDa
PiP 288 180-275 10.4 kDa
YP 66 127-149 2.6 kDa

Table 2.9 Definition of the SV5 P protein sub-regions selected using the GlobPlot server.

2.3.5.1.2 Trypsin digest selected domains
Generation of protein fragments by trypsin digest is widely regarded as a reliable
method for detection of structural protein sub-domains and is a useful tool for

protein structural studies (367, 368). The SV5 P digestion profiles from reactions

performed with different concentrations of enzyme were analysed by SDS PAGE
and fragments identified by NH2 terminal peptide sequencing (Figure 2.15).

1 2 M

SV5-P (42kDa) —

TF4 (19kDa) —

TF1 (10k Da) —1
TF2 (5kDa)—jj
TF3 (3kDa)-

Fragment
code

Molecular

Weight
NH2 terminal

peptides

TF4 19.1 kDa RSLSG

TF1 10.0 kDa SLSGA

TF2 5.6 kDa IAIVP

TF3 3 kDa GSVGG

Figure 2.15 SDS PAGE fragment demonstrating a trypsin digest profde of SV5 P. Lane 2 is
P prior to proteolysis. Lane 1 shows P 30 minutes after incubation with 0.1 |ig/ml trypsin in
a ratio of enzyme: protein = 1:100. The table shows the terminal peptides of each fragment
as defined by NH2 sequencing.
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The molecular weight and the trypsin cleavage site of each sample was

determined, allowing calculation of each fragments properties (Table 2.10).

Sub-domain code Length (nt) Spanning residues Encoded protein
mass

TF1 273 187-275 10.0 kDa
TF2 165 83-138 5.6 kDa
TF3 159 68-121 3.0 kDa
TF4 525 186-360 19.1 kDa

Table 2.10 Description of the SV5 P fragments generated by trypsin digest

To determine the accuracy of the GlobPlot predictions the two sets of protein

fragments were overlaid (Figure 2.16).

196

Full length P (42 kDa) 1 ^— " ' 1 392

Residues 68-121 TF3 (4 kDa) r .""1 ■&

Residues 83-138 TF2 (6 kDa) ■&

Residues 127-149 YP (3 kDa)

Residues 180-275 PiP (10 kDa)

Residues 180-392 OP (23 kDa)

Residues 186-360 TF4 (19 kDa)

Residues 187-275 TF1 (10 kDa)

Residues 284-383 GP (11 kDa)

☆ Fragments derived from trypsin digest

Figure 2.16 Schematic representation of the sub-domains of SV5 P defined by trypsin digest
or by GlobPlot. The midpoint amino acid in the polypeptide chain is highlighted.

On examination, the putative globular domains predicted by GlobPlot were

predominantly located in the C-terminus of the protein and could be overlain
with trypsin digest fragments. Ordered domains located in the N-terminus were

much shorter and did not show any significant alignment with the trypsin

fragments. Therefore, it was decided to focus the subcloning efforts on OP, PiP,
TF4, TF1 and GP. A single fragment, TF2 could be purified directly from the

digest reaction by gel filtration and was placed in limited sparse matrix screens

(Figure 2.17). However, this method of purification was highly inefficient with
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N-terminal sequencing indicating the presence of an identical mass trypsin

enzyme peptide co-migrating with TF2. As TF2 could be most readily produced

at 4 °C this trypsin fragment was probably the by-product of enzymatic self-

digestion. Furthermore, poor final yields could not justify the large amount of

homogenous SV5 P required as starting material.
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Figure 2.17 Purification of TF2 from a trypsin digest reaction of SV5 P. Panel A shows the
elution profile from a gel filtration purification of a trypsin digest of SV5 P. Fractions
representing the major peak contained the TF2 fragment. Panel B shows the corresponding
gel. Lane 1 shows the major peak prior to concentration and Lane 2 contains an identical
volume-aliquot of the concentrated homogenous sample.

2.3.5.2 Subcloning and expression of SV5 P protein fragments
PiP, GP, OP, TF1, TF2 and TF4 were successfully cloned into pGEX-4T,

pLOU2 and pHisTEV for expression as glutathione-5-transferase (GST), maltose

binding protein (MBP) or 6-His tagged fusions respectively. It was hoped that at

least one vector would allow soluble protein to be expressed in quantities
sufficient for purification and crystallisation.

Although pHisTEV vector gave high expression levels of 'whole' SV5 P,

expression of the sub-domains was consistently poor even after the trial of
alternative growth and induction conditions. Better levels of expression were

obtained when the proteins were expressed as a fusion with the MBP in protease
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deficient E. coli (Figure 2.18). MBP allowed a one-step affinity purification to

remove the majority of contaminating proteins. However, following the removal
of the affinity tag by digestion with the TEV protease, MBP became a major
contaminant with its complete removal requiring the use of several different

chromatographic steps. At each stage in this purification a small amount of the

target peptide was lost through non-specific binding to affinity matrixes. The
dramatic decrease in overall protein yield rendered it an inefficient method of

purification.
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Figure 2.18 Fragments of 4-12 % SDS gels showing OP and GP at different stages of
expression and purification. Panel A shows overexpression of MBP-OP in protease-deficient
E. coli strains. Panel B is a gel monitoring MBP cleavage from the GP fragment with the
TEV protease. The 6 kDa band was confirmed by mass spectrophotometry to be a fragment
of the GP sub-domain indicating that non-specific digestion had occurred.

Expression from GST encoding vectors produced the highest yield of fusion-

protein. Maintenance of high yields of protein production required fresh
transformants to be made for each expression culture. Fragments were purified

using the GST-batch method to remove the majority of contaminating E. coli

proteins and the GST tag following thrombin cleavage (Figure 2.19). Of the six
cloned fragments, four fragments, PiP, GP, OP and TF1, were purified further

using size exclusion chromatography. From a 500 ml culture approximately 1 mg
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of protein could be extracted, an amount sufficient for limited crystallisation
trials and some physical characterisation experiments.

Figure 2.19 SDS gels showing the overexpression and purification of OP, GP and PiP
fragments as GST fused proteins.

2.3.5.3 Characterisation of sub-domains PiP and GP

In preparation for future crystallisation studies the PiP and GP sub-domains were

characterised. However, time limitations and the difficulty of purifying large
amounts of homogenous protein meant that only a limited number of

experiments could be performed. Due to the advanced stage of PiP and GP

purification it was decided to concentrate efforts on analysing these domains
further.

2.3.5.3.1 Glutaraldehyde cross-linking studies
During the gel filtration stage of fragment purification it was noticed that the PiP

peptide was eluted from the column in an unusually small void volume. In gel

permeation chromatography, molecules are separated according to their mass and
are eluted in order of their decreasing size. Under certain conditions some

proteins, including those with no globular structure, show anomalous behaviour
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during migration and elute earlier than folded proteins of equivalent size.

Furthermore, since oligomerisation would also confer a higher molecular weight
to each peptide, the self-association of each sub-domain was also investigated.

PiP (10.4 kDa) was eluted in fractions 23-27 from the gel filtration column whilst
GP (11 kDa), was collected from the peak spanning fractions 94-100. This
indicated that PiP was either unfolded or capable of forming multimers. To
assess the quarternary structure of PiP and GP, cross-linking assays were

performed. Glutaraldehyde was chosen as the cross-linking reagent due to its

ability to efficiently form covalent bonds between lysine residues on the surface
of proteins. GP and PiP both contain a number of lysine amino acids (12 and 14

respectively). Cross-linking stabilises oligomeric forms of the protein allowing

subsequent visualisation by SDS PAGE (369). The results showed that PiP could
form three distinct multimeric species (Figure 2.20). The identity of SDS PAGE
bands were confirmed by mass spectrophotometry and each had molecular

weights consistent with a monomelic, dimeric or trimeric association of PiP. GP
showed no signs of oligomerisation (Figure 2.20) consistent with its elution

profile from the size exclusion column.
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kDa

Glutaraldehyde concentration
0% 0.01% 0.05% 0.1%

PiP Trimer

— PiP Dimer

PiP Monomer

Figure 2.20 SDS PAGE of glutaraldehyde cross-linking experiments. Panel A shows results
from PiP cross-linking. The formation of PiP multimers was confirmed using mass
spectrophotometry for band identification. (B) Panel B shows results from GP crosslinking.
Lane 1 is GP without glutaraldehyde. Lane 2-4 contain samples incubated with increasing
concentrations of the cross-linking agent.

2.3.5.3.2 CD Spectra analysis
The GlobPlot server identified both PiP and GP as globular domains from the
SV5 P protein. Although trypsin digest had produced fragments that showed
close alignment to these peptides GlobPlot results are interpreted as hypothetical
suggestions. To confirm the secondary structures of PiP and GP, CD spectra

analysis was performed on homogenous samples. As predicted by previous CD
descriptions of SV5 P, spectra obtained in the near-UV range indicated that PiP
contained a significant proportion of helical residues (Figure 2.20). t he far-U V
spectrum indicated that over 89 % of the protein formed helical structures and
only 0.16 % of the polypeptide chain was disordered. This suggested that PiP
was an ideal candidate for crystallisation studies. Unfortunately, the CD

spectrum of GP was non-conclusive with only a weak signal being obtained. This
suggested that an insufficient concentration of protein had been sent for analysis.
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Wavelength

Figure 2.21 CD spectra of PiP taken in the far-UV range. Spectrum is typical of a protein
containing a large number of residues participating in helical structures.

Following characterisation, a small number of crystal plates were set up for each

protein using the sparse matrix screens I and II from Hampton Research.

However, no protein crystals have as yet been found indicating that a more

substantial screening of crystallisation conditions is required.

2.4 Conclusion
The experiments presented in this chapter describe the suitability of the SV5 P

protein for structural studies. These studies were performed following extensive

crystallisation trials of the whole protein.

SV5 P is a 42 kDa protein that forms an integral part of the viral transcriptase

complex. One of the pre-requisites for this biological function is an ability to

associate with other virally encoded proteins and macromolecules. The high level
of disorder and flexibility within the amino terminus of P potentially facilitates
these interactions. However, this intrinsic structural feature of P renders it

incapable of forming macromolecular crystals.

92



In an attempt to induce protein folding, experiments involving the expression of
the protein with its in vivo binding partner N were performed. To circumvent the

ability of N to self-associate into insoluble aggregates the protein was expressed
as two separate domains representing the C and N-terminus. However, in all
cases stable P-N complexes were not detected indicating the requirement for
additional cellular or protein cofactors.

In the continued pursuit of protein crystals, SV5 P was divided and sub-cloned as

independent globular domains. The derivation of globular sub-regions has been
shown to yield structural data in a number of cases where extensive

crystallisation trials of the entire protein had failed (see section 2.3.5). Trypsin

digest and the computer-based prediction programme GlobPlot, independently
defined putative structured regions along the polypeptide chain. Following

multiple expression and purification trials utilising a series of different affinity

tags, two of the peptides were obtained, purified and characterised before being

placed into sitting drops. Structural predictions indicated one of the fragments,
PiP contained a high degree of order and although capable of forming multimers
was still a promising candidate for crystallisation experiments. However, due to

relatively poor protein yields and the 'high-cost' of protein required for
characterisation experiments, only a small number of sitting-drops were set up.

Unsurprisingly, no protein crystals were obtained within the time limits imposed

upon the project. Nevertheless, crystals have been seen to appear in drops up to

one year after the initial trials have been performed. Furthermore, definition of an

environment in which a protein crystal may grow can entail the screening of

literally thousands of different conditions, which in turn requires the time

consuming and continuous production of homogenous protein. The results

presented here provide the necessary framework for continued physical and
structural studies on SV5 P.
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3 Chapter 3
3.1 The nucleocapsid protein of Bunyamwera virus

3.1.1 Background
Bunyamwera (BUN) virus is an arthropod-borne pathogen that can infect humans

predominantly via the mosquito vector. Since its isolation in the 1940s, BUN has
become the prototypic member of the Bunyaviridae, a newly emergent family of

pathogenic viruses (212). The nucleoprotein (N) of BUN is the most abundant

protein species within the infecting virion due to its indispensable function of

encapsidating all genomic RNA. The 26 kDa protein is multifunctional with a

critical role in viral transcription, replication and the formation of nucleocapsid
structures.

3.1.1.1 Aims and project overview
This project was aimed at determining the tertiary structure of the BUN N

protein. The protein was expressed as a His-tag fusion and purified to high levels
of homogeneity using three different chromatographic steps. Initial secondary
structure predictions indicated that the protein was a compact and globular
domain making it a suitable candidate for crystallisation studies. However,
further manipulation of protein samples in preparation for crystallisation trials,
indicated that BUN N could readily oligomerise into stable multimeric structures

and at a concentration of approximately 3 mg/ml formed white, insoluble

precipitate. Nonetheless, soluble protein at low concentrations was used to grow

small, layered-rod type crystals. These crystals were only capable of producing
weak diffraction patterns and were unsuitable for tertiary structure determination.

Subsequent attempts were made to improve protein crystals by screening a wide

range of conditions based upon the initial mother liquor from which crystals were

grown. A second approach was to pursue other crystal forms grown in alternative

crystallisation buffers. Plates were incubated and regularly monitored over a six-
month period, but no bigger or better diffracting crystals were obtained. From
discussion with other protein crystallographers it was suggested that increasing
the concentration of the protein sample might have a significant effect on further

crystallisation experiments. Due to formation of protein precipitate during the
final stages of BUN N purification, sample concentrations had been maintained
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at values less than 3 mg/ml. A series of biochemical experiments were performed
to investigate the aggregation and precipitation of BUN N. Our investigations
revealed the presence of a high concentration of contaminating nucleic acids in

purified protein samples. BUN N was re-purified with the addition of the

hydrolytic enzymes DNase I and RNase I. During sample concentration,

precipitate appeared again, suggesting that N was capable of self-associating,

independently of RNA and in an uncontrolled manner resulting in the formation
of insoluble high-order multimers. Subsequently, a panel of 'solubilising' agents

were screened by incubation with homogenous protein samples followed by

analysis of their ability to prevent protein precipitation by size exclusion

chromatography and native gel electrophoresis. The addition of the mild ionic

detergent n-Decyl-P-D-maltoside allowed further concentration of protein

samples to 4.2 mg/ml. These solutions were placed into the original crystal

growth conditions and into a series of sparse matrix crystallisation trials.

Disappointingly, no crystals were obtained in any conditions suggesting that the

detergent had a disruptive effect on the process of crystal nucleation and growth.
As a final attempt to improve protein solubility, BUN N was completely

denatured, concentrated and then refolded using techniques developed for

improving the yield of soluble N protein from the Hantaan virus (233, 236). CD

spectra analysis was performed to monitor the process of protein refolding.
Concentration of denatured protein did not induce precipitation. However,

complete removal of the denaturing agent did, with no improvement in soluble

protein concentration.
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3.2 Experimental

3.2.1 Overexpression and purification of soluble BUN N
The BUN N gene was supplied in a pQE-30 plasmid (a gift from Professor R.

Elliott, Glasgow University) for transformation into M15[pREP4] E. coli.

Cultures were grown at 37 °C in the presence of 100 pg/ml ampicillin and 25

pg/ml kanamycin. Expression of the N protein was induced as described in Table
6.4. Soluble protein was extracted from cell lysates in BUN N sonication buffer

(section 6.1.4.1) and loaded onto a pre-equilibrated nickel-agarose column

(section 6.1.4.4). The protein was eluted with a step gradient of 0 to 0.5 M
imidazole dissolved in BUN N wash buffer and collected in 1 ml fractions.

Fractions were monitored using the Bradford Assay and aliquots from those

containing high concentrations of protein were analysed by SDS PAGE. Eluates

containing N were pooled and dialysed against a 1 1 solution of BUN N cation

exchange buffer for 16 hours. Protein was concentrated using a 10 kDa cut off
membrane (section 6.1.4.9) to a volume of 20 ml then run down a porous H520
cation exchange column (Amersham Pharmacia) equilibrated at pH 7.0. BUN N
was eluted from the matrix with a linear gradient of 20 mM to 700 mM NaCl and
fractions containing the protein pooled and dialysed into BUN N storage buffer.

Finally, protein was passed down a gel filtration column equilibrated with the
same buffer (section 6.1.4.8). Appropriate fractions were concentrated to a

maximum of 3 mg/ml. Protein purity was confirmed by silver staining small

aliquots of the concentrated protein sample separated by SDS PAGE (section

6.1.4.3).

3.2.2 Crystallisation of BUN N
BUN N at a concentration of 2.8 mg/ml was placed into the sparse matrix screens

described in Table 6.7 at 20 °C. After a six-day incubation period, small, roughly
cubic micro-crystals were detected in a single 2 pi sitting drop in condition 69 of
the Index sparse matrix screen (Hampton Research). This condition contained
100 mM Tris pH 8.5, 0.2 M ammonium sulphate and 30 % PEG 3350. To
determine protein content, crystals were stained with 0.1 pi of Izit Crystal Dye™
(Hampton Research). Grid optimisation and additive screening techniques were
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performed to grow bigger protein crystals suitable for data collection (section

6.1.5.5). After reiterative rounds of optimisation, more substantial crystals were

obtained in 100 mM Tris pH 8.5, 0.17 M ammonium sulphate, 25 % PEG 3350
and a sugar cocktail consisting of 10 mM maltose, 10 mM sucrose and 10 mM
lactose. Mother liquor was mixed with a panel of cryoprotectants as detailed in
Table 3.1. A crystal-mounting loop containing a drop of the cryoprotected
mother liquor was flash frozen and the opacity of the liquid graded (Table 3.1).

Cryoprotectant 5% 10% 15% 20% 25%

Glycerol 1 5 5 5 5

MPD 1 1 1 1 1

PEG 400 2 3 4 5 5

Ethylene glycol 2 2 4 5 5

Polypropylene
glycol 400

2 4 5 5 5

Isopropanol 4 5 5 5 5

Glucose 2 3 3 3 4

2 M NaCl 3 3 3 4 5

Table 3.1 Reagents used to cryoprotect native BUN N crystals. Solutions were graded as
follows: 1 - White (ice forming), 2 - Grey (some ice formation), 3 - Speckled glass (large
pieces of ice), 4 - Flaky (small pieces of ice), 5 - clear glass (no ice, cryoprotectant suitable
for data collection).

Fragments obtained from the crystal clusters by gentle manipulation with an

acupuncture needle, were transferred to the good cryoprotectant-liquors and
observed. If crystals did not dissolve, a test image was taken and the quality of
the diffraction pattern graded.

Cryoprotectant Diffraction pattern appearance

Glycerol OK
PEG 400 OK

Ethylene glycol Smeared
Polypropylene glycol 400 Ice rings
NaCl Smeared

Table 3.2 Affect of cryoprotectants on the diffraction pattern of BUN N native crystals.

Following the optimisation process, crystals were cryoprotected in mother liquor

plus 10 % glycerol, transferred to liquid nitrogen and stored prior to transferral to

a liquid nitrogen cooled gas stream at the ESRF synchrotron facility.

The crystal condition described above was exhaustively screened to obtain a

second native crystal form of BUN N. Further sparse matrix screens were
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performed under different conditions e.g. microbatch and 4 °C. Promising

microcrystals were found in the Hampton Crystal Screen I, condition 17 (0.2 M

Li2SC>4, 100 mM Tris-HCl pH 8.5, 30 % PEG 4000) and Emerald Biostructures
Wizard II, condition 29 (100 mM CHES pH 9.5, 1.26 M (NH4)2S04, 200 mM

NaCl).

3.2.2.1 Streak seeding of BUN N crystals
Prior to seeding, grid screens (section 6.1.5.5.1) based upon the mother liquors
described above were pipetted into 24 well VDX hanging-drop plates (Hampton

Research) and equilibrated to 20 °C. BUN N crystals were gently crushed and a

whisker was drawn through the solution. The whisker was then streaked into the

pre-equilibrated drops.

3.2.2.2 Data collection from BUN N native crystals
Nine different fragments obtained from six crystal clusters were tested at the
ESRF synchrotron facility. The beamline was equipped with a diffractometer

comprising a single Phi spindle goniometer. A monochromatic X-ray beam with

wavelength 0.931 A was used. Each crystal was mounted as described in section
6.1.5.6. Test images were taken at 0, 90, 180 and 270 ° with an exposure time of
10 seconds. Crystals with a double maxima or smeared profile were disqualified
and another crystal used. All but one crystal gave poor diffraction patterns and
from this, a single set of 60 images were collected with 0.5 ° oscillation to 3 A on

station ED 14-3 using a MAR CCD detector. These images were processed using
the MOSFLM programme, version 6.2.2 (370) for data reduction and integration.

However, the weak diffraction from the BUN N crystal could only be partially

processed. A few images were read and autoindexed to find the matrix of the

crystal orientation and a list of possible Bravais lattices, ranked according to their

penalty score. The unit cell parameters were also estimated.
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3.2.3 Further characterisation of BUN N

3.2.3.1 Sucrose density gradient analysis
For sedimentation analysis of BUN N oligomers, 1 ml of soluble protein (at

crystallisation concentration), was layered onto a 15 ml linear 5-60 % sucrose

gradient buffered in 50 mM Tris pH 7.4, 100 mM NaCl. Parallel gradients were

set up with samples of precipitated and maximum concentration BUN N plus a

series of molecular weight standards ranging from 12 to 450 kDa (Serva).
Gradients were centrifuged in a SW40T1 rotor (Beckman) at 40,000 rpm for 16
hours at 4 °C, after which 0.4 ml fractions were collected from the gradient, top

to bottom. Aliquots from each of the 37 fractions were analysed by SDS PAGE
and the fraction number of each marker protein and BUN N species determined.
Gradients were repeated three times to determine the significance of the

experiment.

3.2.3.2 Phenol-chloroform extraction

Precipitated and soluble BUN N was mixed with 100 (il phenol-chloroform
mixture (Sigma) in an approximate 1:1 ratio. Samples were centrifuged at 13,000

rpm for 5 minutes. The top layer, containing purified nucleic acids, was carefully

aspirated and placed in clean eppendorfs. The white protein middle layer was

vortexed and back extraction was performed twice more with 2 times 100 (Lil of
distilled H2O. Purified DNA and RNA were precipitated using 0.5 times an equal
volume of 7.5 M ammonium acetate and 2.5 times an equal volume of 100 %
w/v ethanol. Samples were mixed and incubated for 5 minutes at room

temperature then centrifuged for a further 15 minutes at 13,000 rpm. Supernatant
was removed and tubes left open at room temperature to allow evaporation of the

remaining alcohol. Pellets were resuspended in 10-20 |tl of 1 X TE buffer,
diluted in DNA sample buffer and loaded onto 0.8 % agarose gels.

3.2.3.3 Oligomer destabilisation assays
Purified and soluble BUN N was mixed with a series of reagents at a range of
concentrations (Table 3.3) and incubated at 25 °C for 1 hour with vigorous

agitation. Protein samples were concentrated (section 6.1.4.9) until precipitation
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was observed. The final protein concentration was then determined (section

6.1.4.10).

A series of parallel samples were partially concentrated, post-reagent incubation,
and their volume reduced from 5 ml to 1 ml. Aliquots were removed and diluted
into native sample buffer then analysed on 10 % Tris-glycine gels. The

remaining protein solution was examined by gel filtration chromatography

(section 6.1.4.8). Absorbance at 280 nm was used to monitor protein migration

through the matrix. Elution profiles were compared to those obtained from a

'native' and soluble BUN N sample.

Disrupting reagent Concentration Source Reference
DTT 1-10 mM Sigma -

n-Decyl-(3-D-
maltoside

0.5-1.7 mM Anatrace Hampton Research
catalogue

n-Dodecyl-N,N-
dimethylamine-N-

oxide

0.5-1.4 mM Anatrace Hampton Research
catalogue

Glyoxal 1-20 %v/v Sigma (371)
MgCl2 1-5 mM Sigma (372)
Table 3.3 Disruptive reagents used in an attempt to reduce BUN N precipitation. Different
combinations of two or more reagents were also tested.

3.2.3.4 Purification of BUN N under denaturing conditions
E. coli cells were grown and harvested as normal. Cell pellets were resolubilised
in 50 ml of DNBuffer A with mild agitation at room temperature for 1 hour.

Suspensions were sonicated (as in section 6.1.4.1) and the insoluble fraction

removed by centrifiigation at 14,000 rpm for 30 minutes. Solubilised protein

from the clear supernatant was passed across a 0.2 jiM filter and loaded directly
onto a porous, metal chelating column pre-equilibrated with 100 ml of DNBuffer
A. Immobilised protein was washed with 10 CV of DNBuffer B and partially
refolded using a linear decrease in urea concentration from 6 M to 2 M. The

gradient was run over a time period of 2 hours at a rate of 5 ml/min. Protein was

eluted from the column using 10 CV of DNBuffer C and 5 CV DNBuffer D.
Urea was completely removed by dialysis through a stepwise dilution of urea

from 2 to 0 M dissolved in 1 L of DNBuffer E. Samples were then reduced to a

volume of approximately 1 ml (section 6.1.4.9).
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3.3 Results and Discussion

3.3.1 Purification of soluble BUN N

BUN N was readily expressed as a His-tag fusion protein from E. coli with a

reasonable mg/1 of culture yield (10-15 mg). Protein could be purified to high
levels of homogeneity following three chromatographic steps (Figure 3.1). It was

originally suggested that protein preparations would be suitably pure after a

single immobilised, metal ion affinity column. However, both Coomassie blue
and silver staining of these gels showed minor contaminants that would possibly
influence the growth of protein crystals. It was decided therefore, to include two

additional purification steps including a cation exchange column to exploit the
basic nature of the protein.

Figure 3.1 Fragment of a Coomassie blue-stained protein gel showing fractions containing
the BUN N protein following elution from the first chromatographic column (metal-
chelating) in the three-step purification protocol.

Gel filtration of BUN N samples, following nickel and cation columns produced
a single peak (Figure 3.2) elution profile. Aliquots from the protein-containing
fractions were analysed by silver staining of polyacrylamide gels and seen to be
at an extremely high level of purity (Figure 3.2).

102



I me 136474. 280rm 0 0079

B

BUN N

(26 kDa)

Figure 3.2 Panel A shows the gel filtration chromatogram of a typical BUN N purification.
Panel B shows a silver stained gel with dilute samples of BUN N following gel filtration
purification. Silver staining can detect very low concentrations of protein (0.05-0.1 ng). The
lack of other bands in the lanes containing BUN N gives an indication of the high level of
protein sample purity.

It was noticed during the final stage of protein purification, in preparation of the

sample for crystallisation, that reducing the sample volume (to yield a final
concentration of values higher than 3 mg/ml) resulted in formation of a white
insoluble precipitate, which could be re-solubilised in a larger volume with

vigorous agitation. A small amount of this protein was analysed by native gel

electrophoresis on a 10 % Tris-glycine gel and the BUN N protein was observed
to remain at the top of the gel. Mass spectrophotometry confirmed the identity of
the high molecular weight protein as BUN N. These results suggested that BUN
N was capable of forming high-order, insoluble protein aggregates.

3.3.2 Characterisation of soluble BUN N

Following the appearance of the protein precipitate it was decided to perform

rudimentary experiments on the soluble fraction in order to determine the

suitability of BUN N for crystallisation. The secondary structure of homogenous

protein samples was determined by CD spectra analysis (section 2.3.3.1). The
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polypeptide sequence was also analysed by the computer-prediction servers,

GlobPlot (section 2.3.3.2) and PredictProtein (http://www.embl-

heidelberg.de/predictprotein). GlobPlot estimated that over 80 % of BUN N

residues formed putative globular domains with structured regions spanning the
entire length of the polypeptide chain (Panel A Figure 3.3 ). PredictProtein,
which identifies conserved structural motifs within the polypeptide chain can

also estimate protein globularity. The programme predicted the protein to be a

compact and globular domain containing approximately 46 % a-helical and 18 %

(3-strand secondary structures. These results were further corroborated by data

from CD spectra analysis. The far-UV CD spectrum of BUN N gave a negative

elipticity between 208-222 nm and a positive elipticity around 195 nm. Such
minima and maxima are characteristic of helical secondary structures; a result
that coincides with the 46 % helical content calculated by the PredictProtein

programme (Panel B Figure 3.3). These data indicated that the BUN N protein
contained a significant degree of secondary structure and furthermore, had no

long, intrinsically disordered region. This suggested that the dilute and soluble

protein sample would be suitable for crystallisation studies.
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Figure 3.3 Structure predictions for BUN N. Panel A shows the GlobPlot output for BUN N.
Only a small section (residues 72-90) was predicted be structurally disordered. Panel B
shows the near-UV and far-UV CD spectra for BUN N. In the near-UV a strong maximum
at 268 nm indicated contamination with nucleic acids. The far-UV spectrum indicated
helical structure with double minima at 222 nm and 208 nm and a maximum at around 195
nm. Noise levels precluded measurement below this wavelength. Both secondary structure
predictions indicated that BUN N would be a suitable candidate for crystallisation studies.
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3.3.3 Crystallisation of BUN N
Protein crystals of BUN N appeared six days after the setting up of the initial

sparse matrix screens (Panel A, Figure 3.4). These crystals formed cubic-like

micro-crystals that were too small for in-house data collection. However, these

crystals were stained by the protein detection dye Izit indicating that they
consisted of protein molecules. These initial crystals could be repeatedly grown

in identical conditions. However, their diminutive size prevented their use for
collection of diffraction images. After a significant period of optimisation

involving grid-screening of all buffer constituents, larger, rod-like crystals were

obtained (Panel B, Figure 3.4). These crystals appeared as clusters produced by
the layering of individual rods. To obtain significant diffraction data it was first

necessary to obtain a 'single' crystal from the cluster thus preventing the
collection of a split-dataset (i.e. where diffraction spots from two separate

crystals can not be distinguished from each other). By careful manipulation of
the clusters using an acupuncture needle, small, non-layered projections could be
broken away from each crystal. As BUN N crystals had not been obtained before
it was necessary to screen a wide range of cryoprotection solutions prior to flash

freezing and X-ray exposure. After an extensive search, it was ascertained that a

solution of mother liquor mixed with 10 % v/v glycerol did not dissolve BUN N

crystal fragments and allowed the collection of diffraction images without the
formation of ice particles within the mounting loop.
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Figure 3.4 BUN N crystals before and after optimisation.

3.3.3.1 Initial data collection

Nine separate fragments obtained from different crystal clusters were tested on

the ID14-3 beamline at the ESRF synchrotron facility. The majority of crystals
showed very little diffraction of X-ray radiation with most of the diffraction spots

appearing above a resolution of 9 A. However, a single-fragment diffracting

weakly to approximately 3 A was used for limited data collection (Figure 3.5).
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Figure 3.5 Part of a diffraction image obtained from a fragment of a BUN N crystal.

During data-collection the protein crystal was badly damaged by the intense X-

ray source and it was not possible to collect a complete set of images. This was

probably due to the small size of the crystal fragments that were mounted on the

X-ray generator. Primary processing of the data was only able to reveal the unit
cell dimensions and the space group for the rod-like crystal form of BUN N. The

top ten solutions are shown in Table 3.4.
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Penalty Lattice a b c a 3 Y Possible

Spacegroup
185 mC 102.2 49.47 48.34 96.1 87.4 83.2 C2

178 mC 72.75 65.38 54.08 84.7 110.2 96.1 C2

158 mC 49.47 102.2 48.34 87.4 96.1 83.2 C2

143 mP 49.47 48.34 54.08 84.7 110.2 96.1 P2, P2t

140 mC 49.47 102.2 48.34 87.4 96.1 83.2 C2

134 mC 72.75 65.38 54.08 78.8 107.2 91.3 C2

125 mP 49.47 48.34 54.08 84.7 110.2 96.1 P2, P2,

83 mC 84.98 59.34 48.34 90.3 96.9 95.4 C2

41 aP 48.34 49.47 54.08 110.2 84.7 96.1 PI

0 aP 48.34 49.47 54.08 69.8 84.7 83.9 PI

Table 3.4 Possible Bravais lattices and penalty scores generated from initial processing of
BUN N diffraction data. The highest penalty spacegroup is the least likely.

Processing indicated that the BUN N crystals belonged to the spacegroup C2
with cell dimensions of a = 84.98, b = 59.34, c = 48.34. Assuming this space

group the solvent content of the crystal was estimated using the following

equation:

Vm = Volume of unit fa x b x c)A
(Mr of 1 a.s.u x no. a.s.u) Da

(a.s.u = asymmetric unit)

Solvent Fraction = 1 - (1.23/Vm)

Estimation of the cell content and calculation of Matthews' coefficient, Vm

(A3/Da) was performed in CCP4 (373). Assuming the values stated above, the
estimation of the solvent content indicated the presence of one molecule per

asymmetric unit, leading to a Vm of 2.5 A3/Da and a solvent content of 51.4 %

(374).

However, as the crystals were only capable of weak diffraction the data obtained
from the native crystal form were not sufficient for structure solution. Attempts
to scale the data failed due to the low number of reflections, which in turn led to
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statistically unfeasible values of completeness and multiplicity. To achieve a

statistically significant protein model, better-diffracting BUN N crystals were

required.

An exhaustive screening of components within the original crystal-growth
mother liquor failed to yield better diffracting crystals. A range of small-
molecule additives were also tested as was an alteration in drop size and the
mother liquonprotein ratio. Since crystals of BUN N were readily obtainable a

further technique of streak seeding was performed. Furthermore, original sparse

matrix screens placed at 20 °C were exposed to a series of different temperatures

or set up using different crystal-growing techniques. Microcrystals grown in two

different conditions were pursued in an attempt to find a second native BUN N

crystal form, but these concluded without significant improvement. A general
observation made during visualisation of crystallisation experiments was that
after six to seven days of incubation, the majority of drops remained clear and
the occurrence of amorphous precipitate was rare. This pattern indicated that the

protein concentration, a significant crystallisation variable, was perhaps too low
to promote crystal formation and growth above and beyond what had already
been achieved. This finding was substantiated by lowering the concentration of

protein in the crystal-yielding drops, which resulted in a subsequent decrease in

crystal appearance. As the number of crystallisation optimisations increased it
became apparent that a re-investigation of precipitated and soluble protein
fractions obtained during protein purification would have to be performed, in an

attempt to achieve a higher concentration of BUN N.

3.3.4 Further characterisation of BUN N

3.3.4.1 Investigating BUN N precipitation and oligomer formation
To examine the protein species present within the soluble and insoluble BUN N

fractions, samples of each were examined by sucrose density gradients.

Precipitated BUN N migrated immediately to the bottom of the gradient. BUN N
at the maximum concentration (i.e. immediately prior to precipitation) was found

predominantly at the bottom of the gradient as would be expected in the
formation of high-order aggregates, but over a broader range of fractions
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compared to the precipitated sample. More than one distinct species was also
detected when soluble BUN N, at the concentration producing the crystal forms
described above, was centrifuged. Due to the inability to precisely calibrate

migration of protein markers along the sucrose gradient, it was not possible to

determine the precise molecular weights of each protein species. However, BUN
N was found in fractions co-migrating between marker proteins with molecular

weights of 17 kDa (myoglobin) and 100 kDa (aldolase). These results indicated
that at low concentrations BUN N protein was able to self-associate into dimeric
or trimeric species.

To further investigate oligomerisation of BUN N, purified, soluble protein was

incubated with different concentrations of the cross-linking agent, glutaraldehyde

(section 6.1.6.3). SDS gel analysis indicated the presence of monomeric (26

kDa), dimeric (52 kDa) and trimeric (78 kDa) species after a very short
incubation period with a 0.01-0.02 % solution of glutaraldehyde (Panel A, Figure

3.6). Band identity was confirmed by MALDI TOF mass spectrophotometry.
These results confirmed those suggested by the sucrose density gradients.

97.4kDa

66.3kDa
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36.5kDa
31 .OkDa
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14.4kDa

-\
Trimer

(/8 kDa)
Dimer

(52 kDa) > BUNN
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(26 kDa) J
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Figure 3.6 SDS PA gel showing the results of a glutaraldehyde cross-linking assay
performed on BUN N. Separation of stable cross-linked species by electrophoresis indicated
the ability of BUN N to self-associate into oligomeric forms.
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Oligomeric forms of N are believed to be the building blocks for nucleocapsid

assembly in many different plant and animal viruses (for examples see (375)).
This has been directly observed in the porcine reproductive and respiratory

syndrome virus where dimeric and trimeric N protein species can be isolated
from virus-infected cells. Therefore, the appearance of multimeric BUN N

species following in vitro bacterial expression and purification was hardly

surprising due to the propensity of the protein to associate with itself. The growth
of protein crystals suggested that a homogenous protein solution containing

completely monomeric, dimeric or trimeric BUN was produced following in

vitro expression and purification. However, in agreement with sucrose density

gradient results, indicating multiple forms of BUN N in the soluble protein

fraction, an alternative explanation for the appearance of BUN N crystals would
be that during vapour diffusion a single subpopulation was crystallised with the
additional protein remaining in solution or forming precipitate in the crystal drop.
The ability to consistently achieve a solution from which crystals could be grown

would suggest the formation of the multimers was occurring in a specific
manner. By preventing or limiting further association of the N protein dimeric
and trimeric units it was hoped that the final soluble protein yield would be

greater, which in turn might permit the growth of better quality crystals.

3.3.4.1.1 Probing oligomer stability
In order to disrupt oligomer formation, a study to identify possible influencing
factors was performed. Reduction of sample volume and an increase in protein

concentration, were as yet, the only parameters being altered during the
formation of precipitated protein. However, CD spectra of 'pure' BUN N

samples had revealed the presence of contaminating nucleic acid species. As
BUN N is intrinsically capable of binding to RNA, with some interactions

occurring in a non-specific manner (section 1.6.1.2), it was hypothesised that the

precipitation of protein at high concentrations could be the result of NX-RNA
association or binding (where Nx is an unspecified number of N protein dimeric
or trimeric units). This was a particularly attractive conclusion, as specific
nucleases were not added to purification buffers during the protein extraction

process, permitting a significant amount of E. coli specific nucleic acids to be
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present. To examine this hypothesis further, soluble and precipitated protein

samples were treated with a phenol-chloroform solution to extract any nucleic
acids that might be present. A small amount of each sample was incubated with
20 (ig/'ml DNase I or 50 pg/ml RNase I for 30 minutes at room temperature.

Solutions prior (protein and RNA/DNA) and post- (RNA/DNA only) phenol-
chloroform extraction and pre-/post- nuclease-treatment were analysed by gel

electrophoresis. Nucleic acids were detected by staining with ethidium bromide.
As shown in Figure 3.7, a strong nucleic acid signal was detected in all protein
and most phenol-chloroform extracted samples. This signal was completely
abolished following incubation with nucleic acid hydrolysing enzymes,

confirming the CD spectra-indicated contamination of pure protein samples.

Sample No: 1

Phenol-chloroform
extracted samples

Sample No: 4 3 1 2 4 3 1 2

Sample 1 and 2 =
precipitated protein

Sample 3 and 4 = soluble
protein

Purified protein
samples

Figure 3.7 DNA agarose gel analysis of phenol-chloroform extractions. Samples prior to
nuclease treatment are coloured red. Samples post-nuclease treatment are coloured black.
BUN N protein was obtained from different fractions post-sample concentration. Panel A
shows the non-specific nucleic acids obtained from homogenous BUN N protein samples by
phenol chloroform extraction. The strongest signal is seen in lane 2 but there is also
evidence of nucleic acids present in sample 1. The differing concentrations of nucleic acids
reflect the success of phenol-chloroform extraction from each sample. Incubation of
samples 1 and 2 with RNase I and DNase I completely removes the nucleic acids. Panel B
shows the protein samples prior to phenol-chloroform extraction. Nucleic acids present in
purified protein samples were also susceptible to nuclease digestion, as can be seen by the
disappearance of the nucleic acid signal post- RNase I and DNase I incubation.
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The effect of DNase I treatment was somewhat unexpected, since the nucleic
acid binding affinity of N within infected cells is for single-stranded RNA.

However, due to the susceptibility of purified nucleic acids to nuclease digestion,
it is possible that these results were achieved by unintentional contamination.

Although binding of nucleic acids was not directly shown, the basic ability of
BUN N to bind single-stranded RNA in a non-specific fashion has led us to

conclude that an association between the two macromolecules is indeed

occurring following in vitro expression. However, as nucleic acids were evident
in both soluble and insoluble protein fractions we were unable to discern their

precise involvement, if any, in N protein aggregation. It was therefore necessary

to repeat the purification process with the inclusion of the DNase I and RNase I

enzymes. Concentration of the protein sample following the final gel filtration
column resulted again in the formation of the white precipitate. Determination of
the soluble protein concentration revealed no improvement in the final yield.
These results suggest that the aggregation of BUN N during concentration
occured independently of the presence of RNA or DNA species and was a

consequence of continuous and uncontrolled N-N protein affiliation.

3.3.4.1.1.1 The use of destabilising agents to disrupt BUN N aggregation
Soluble and dilute BUN N samples were incubated with a wide array of potential

destabilising reagents. These included the small molecule glyoxal, which can be
used to denature RNA or DNA (371), Mg2+, that has been shown to cause partial
dissociation of homogenous, self-assembled viral proteins (372), and finally

aliphatic detergents routinely used for the purification and crystallisation of
membrane proteins to prevent non-specific aggregation (376). Different
concentrations of each reagent were tested and their effect on protein

oligomerisation and precipitation analysed. Protein recovery during sample
concentration indicated that in most cases, the incubation of the protein samples
with each of the reagents, alone or in combination appeared to have little effect
on the appearance of oligomeric protein forms, as seen by native gel

electrophoresis of partially concentrated samples (Figure 3.8). Furthermore, their
inclusion did not prevent the formation of the precipitated material.
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Figure 3.8 Tris glycine gels of BUN N samples following incubation with 'destabilisation'
agents. Lane 1 is BUN N protein at its maximum concentration. Lane 2 BUN N and 5 mM
DTT. Lane 3 BUN N and 3 mM DTT. Lane 4 BUN N and 0.9 mM n-Decyl-P-D-maltoside.
Lane 5 BUN N and 1.4 mM n-dodecyl-N,N-dimethylamine-N-oxide. Lane 5 BUN N and 20
% v/v glyoxal. Lane 6 BUN N and 5 mM MgCl2. As a control, the migration of a dilute BUN
N sample (approximately 0.5 mg/ml) is also shown.

Native gels demonstrated that the largest effect on BUN N oligomerisation was

seen to occur following incubation with the mild detergent n-Decyl-P-D-
maltoside with addition of a relatively high concentration reducing, but not

preventing the level of BUN N self-assembly. This was also shown by size
exclusion chromatography, where detergent-protein samples were eluted in a

much larger void volume (approximately 100 ml) compared to partially

concentrated, native BUN N (approximately 70 ml). Furthermore, when a

solution of BUN N with n-Decyl-P-D-maltoside was concentrated to the point of

precipitation, a solution of approximately 4.2 mg/ml could be obtained; a

significant improvement on the previous maximum of 3 mg/ml. This sample was

subjected to several sparse matrix crystal screens and also placed in drops

containing the previous BUN N crystallisation buffers. However, a complete lack
of crystal formation in all drops indicated that the detergent was adversely

interfering with crystal nucleation and growth. n-Decyl-P-D-maltoside was

selected as a detergent, due to its wide and successful usage within our laboratory
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in the production of soluble membrane proteins. As a mild ionic detergent the

reagent shields solvent-exposed hydrophobic surfaces preventing non-specific

protein-protein interaction, explaining the improvement seen in protein

solubility. However, it was hypothesised that the inability to grow BUN N

crystals from detergent-containing samples was also due to the association of n-

Decyl-(3-D-maltoside with protein molecules. The process of crystallisation

begins with nucleation; the formation of the first-order aggregates. Nucleation is

preceded and is sensitive to supersaturation; a critical and thermodynamically
unstable state resulting from the slow evaporation of the solvent. Each crystal is

composed of repeating units of molecules held in an ordered array by non-

covalent interactions. These interactions are imposed during supersaturation and
are critical for nucleation to occur. Therefore, the ability of the detergent to

reduce BUN N aggregation also interfered with the process of nucleation and the

subsequent growth of better protein crystals. In conclusion, the capability of the

detergent to improve BUN N solubility was depreciated by its detrimental effect
on crystal growth.

3.3.4.2 Denaturation and refolding of BUN N
In a final attempt to improve BUN N solubility, a method utilised for the

purification of soluble N protein from the Hantavirus genus of the Bunyaviridae
was adapted and applied for the purification of fresh batches of the protein. Gott
et al were able to obtain a high yield of soluble Hantaan and Puumala N proteins

by the treatment of insoluble fractions with a 2 M urea solution. Reiterative

improvement of this method allowed the extraction of even greater yields of
soluble protein. Purifying N from cell lysates under denaturing conditions and

refolding proteins by stepwise dialysis against buffers containing decreasing
molarities of urea allowed recovery of milligram quantities of protein (233).
Soluble fractions could then be reduced to a desired concentration.

Soluble and denatured BUN N was successfully extracted from cell pellets and

purified from the majority of contaminating E. coli proteins on a metal chelating
column (Figure 3.9).
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Figure 3.9 BUN N protein fractions eluted in 2 M urea from an immobilised metal affinity
column and separated by SDS PAGE.

Protein was partially refolded whilst retained on the affinity resin. A slow and
linear gradient of decreasing urea concentrations was performed to allow correct

protein folding. Sample volume was reduced to 1 ml and BUN N completely
refolded by stepwise dialysis against 2 to 0 M urea buffers. Samples obtained in

6M, 2 M and 0 M urea were analysed by CD spectra (Figure 3.10).
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Figure 3.10 CD spectra of BUN N samples obtained during purification under denaturing
conditions. Panel A shows the far-UV and panel B shows the near-UV spectra for 6 M urea
BUN N (pink), 2 M urea BUN N (blue) and 0 M urea BUN N (red).

As expected, BUN N in 6 M urea was completely denatured with only slight
alterations in secondary structure occurring following dilution into 2 M urea.

However, following complete removal of urea by stepwise dialysis, the protein

regained the helical secondary structure observed in native protein samples.

During the final dialysis stage, white precipitate formed leaving a soluble protein
fraction with a concentration of 3.5 mg/ml. It had been hoped that concentration
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of denatured protein followed by protein refolding might have altered the rate of

protein association to allow the recovery of a greater soluble fraction. Indeed,

reducing the volume of urea-containing samples did not promote precipitate
formation. Only upon obtaining secondary structure did BUN N self-assemble
and aggregate into insoluble multimers. As an attempt to increase soluble protein

concentration, this method was also unsuccessful.

3.4 Conclusions
In conclusion, this study describes the initial crystallisation and characterisation
of BUN N, a 26 kDa functionally versatile protein essential for the encapsidation
of viral genomic RNA.

Initial crystals were grown from solutions containing a low concentration of
BUN N. However, these crystals were only weak diffractors, even of an intense

X-ray beam, and were not suitable for further crystallographic investigation. A
series of grid-optimisations, altering the buffer constituents and growth-
conditions were performed in pursuit of better crystals. During these experiments

attempts were made to increase the concentration of the protein sample: an

important variable in crystallisation trials. BUN N solutions became saturated at

a concentration of approximately 3 mg/ml with the formation of a white
insoluble protein precipitate.

Further analysis of purified protein by CD spectra indicated samples were

contaminated with high levels of nucleic acid. This was further demonstrated
when nucleic acid substances, phenol-chloroform extracted from protein

samples, were no longer detectable following incubation with the nucleases
DNase I and RNase I. Since N can interact with RNA in a non-specific manner

(section 1.6.1.2), this led us to hypothesise that BUN N was randomly

associating with genetic material derived from E. coli cells during in vitro

expression. However, addition of nucleases to purification buffers had no impact
on the formation of protein aggregates disproving this suggestion.

In further attempts to prevent protein precipitation, a panel of reagents, known to

alter the solubility of protein samples were tested. Of these, the mild detergent n-

Decyl-(3-D-maltoside allowed the recovery of a 4.2 mg/ml soluble BUN N
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sample. However, this sample did not yield protein crystals, even following
dilution and incubation in the original mother liquor. It was concluded that
inclusion of the detergent prevented the association of protein molecules in a

manner that would allow subsequent nucleation and crystal growth.

As a final approach, a protocol devised during the purification of the

Bunyaviridae Hantaan virus N protein (233), was adapted to purify BUN N
under denaturing conditions. BUN N was concentrated in a denatured state then
refolded. However, precipitate formed and levels of soluble protein recovery

were not improved. From this data we can conclude that structural motifs within
the polypeptide chain are important for self-assembly and that protein

aggregation is a concentration-dependant event occurring independently of
nucleic acids.

Analysis of data obtained from similar investigations of nucleoproteins from
other viruses provides some information about the propensity of BUN N to

precipitate upon concentration. Recovery of N protein dimers and trimers from
infected cell cultures led to the proposal that protein multimers formed the

building blocks for RNA encapsidation. (375). In agreement with this, our results
have shown that BUN N can exist in both dimeric and trimeric forms. However,

our experiments also indicate that N has an intrinsic ability to self-associate when

produced in vitro. Such an event would be precluded in virus-infected cells by
the down-regulation of N protein synthesis preventing it from reaching high
concentrations. During the BUN virus life cycle N is synthesised in amounts that
are sufficient for encapsidating the viral genomic RNA. It has been shown for the

orthobunyavirus La Crosse virus that N can regulate both the amount and rate of
its biosynthesis by binding to its encoding genomic RNA (218). This mechanism
for limiting N production prevents the over-concentration of protein, which we

have demonstrated for BUN N, can lead to the formation of insoluble protein

aggregates. Forcing BUN N molecules into close association by reduction of the

sample volume induces uncontrolled oligomerisation and a situation is created
that does not normally occur in vivo. The experiments presented within this

chapter have shown that prevention of this event (without disruption of crystal

growth) is difficult, if not impossible to achieve. We propose that without
modification of the polypeptide chain to disrupt the sites involved in protein self-
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association, high concentration samples for protein crystallisation might never be
obtained. This process would require extensive mutation studies and potentially
the development of an assay to assess oligomerisation. However, it is possible
that a purified protein sample, prepared from a multimerisation-deficient mutant

might also prove to be 'uncrystallisable', as the presence of low-order, stable

oligomers may be essential for the formation ofprotein crystals.
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4 Chapter 4
4.1 The glycoprotein of the Rabies CVS virus

4.1.1 Background
Rabies virus is a highly pathogenic virus that targets the nervous system of the

susceptible host. Recognised by the WHO as a significant human health threat,
the virus is responsible for an estimated 50,000 deaths per annum (377).

Furthermore, the large natural reservoirs and the zoonotic potential of the

lyssavirus, continuously impede attempts at its control or eradication (section

1.7.1.3). As outlined in the introduction, the multifunctional glycoprotein (G) of
the rabies virus is a membrane-spanning protein with a mass of approximately 60
kDa that protrudes from the lipid bilayer of the virion. As the only externally

expressed protein, G is the major antigenic determinant of the vims (279) and
serves as both the adhesion and fusion moiety of the infecting particle.

4.1.2 Aims and project overview
The aim of this project was to determine the suitability of the Pichia pastoris

yeast expression system for production of a glycosylated form of the CVS rabies
strain glycoprotein (CVS G). It was hoped that sufficient protein would be
obtained to permit purification and subsequent crystallisation experiments. This
work describes the construction of a recombinant expression vector containing
the gene sequence encoding the exogenous portion of CVS G (residues 1-458).
The transmembrane domain was removed to decrease the potential of non¬

specific aggregation occurring. For rapidity and facilitation of recombinant
vector selection, the expression plasmid was assembled and maintained within an

E. coli host using the Easy-Select pPicZa system (Invitrogen). Following the
identification of construct-containing clones and determination of the
recombinant phenotype, plasmid DNA was extracted and used to transform two

o

distinct strains of P. pastoris: the slow-growing KM71H (Mut ) and fast-growing
GS115 (Mut+) derivatives. Promising results obtained during small-scale

overexpression led to the pursuit of optimal CVS G synthesis conditions in larger
volume cultures. Multiple clones were tested and alterations in growth
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parameters were pursued in an attempt to obtain a recombinant protein yield
sufficient for crystallisation trials.
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4.2 Experimental

4.2.1 Construction of pPicZaC-G
The truncated rabies CVS G gene (1374 nt) was obtained from Dr A Fooks

(Central Veterinary Laboratory, Wheybridge, Surrey) as a PCR2:1 construct

(Invitrogen). Attempts to use the 1.3 kb sequence as a template for PCR whilst

incorporated into the recombinant cloning vector were unsuccessful despite
several variations in the reaction conditions. Therefore, the gene was isolated
from the vector by digestion with restriction enzymes EcoR I and Hind III prior
to use as a PCR template (Table 6.2). Reactions were incubated at 37 °C for 16
hours and the products seperated on a 0.8 % agarose gel. Insert DNA was gel
extracted and purified (section 6.1.2.5) (Figure 4.1).

Figure 4.1 CVS G DNA purified from the PCR2:1 vector following digest with the
restriction enzymes EcoR / and Hind III.

Purified CVS G DNA was amplified with primers designed to include the unique

cutting sequences for Xba I and Cla / restriction enzymes at the 5' or 3' end of the

gene sequence (Table 4.1). PCR was performed as described previously (section

6.1.2.1) with an annealing temperature of 60 °. Reactions were processed through
a total of 30 cycles of the denaturation, annealing and extension stages. The

amplified G DNA was purified from the reaction mixture and stored at -20 °C.
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Forward 5'- CGG CTT TTT GAA TTA TCG ATG GTT CCT CAG GTC C -

3'
Reverse 5'- CGA GAA TTC GGC TTT CTA GAC TTT TTC CCC AGT

TCG -3'

Table 4.1 Primers used for the amplification of CVS G DNA for insertion into the
pPICZaC expression vector. The Cla / (Forwards) and Xba I (Reverse) restriction enzyme
recognition sites are highlighted.

P. pastoris strains containing the pPicZocC vector DNA were cultivated in 10 ml

low salt LB containing 25 pg/ml of the antibiotic Zeocin™. Cells were harvested

and plasmid DNA obtained as described in section 6.1.2.4. Purified pPicZaC
was then digested with the Cla I and Xba / restriction enzymes prior to ligation to

the pre-prepared CVS G insert (section 6.1.2.8). A schematic diagram of the

pPicZaC-CVS G plasmid is shown in Figure 4.2.

Figure 4.2 Schematic representation of the pPicZaC plasmid containing the 1.3 kb CVS G
insert. Also shown are the His-tag and Zeocin™ antibiotic resistance sequences. The a-
sequence permits the secretion of the recombinant protein, following induction of its
expression into the culture media (section 4.3.1). The AOXI promoter represses foreign
gene expression until exposed to methanol. This sequence also targets the linearised plasmid
to the site of homologous recombination in the P. pastoris host genome.

Competent DH5a E. coli cells were transformed with 5 pi of the ligation reaction

(section 6.1.2.9) and plated onto low salt LB containing 25 pg/ml Zeocin™.

Following overnight incubation at 37 °C, resistant colonies were picked and used
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to inoculate 2 ml pre-warmed, antibiotic containing LB. Plasmid DNA was

obtained and clones containing recombinant vector DNA identified by re-

digesting a small aliquot with the Cla I and Xba I enzymes and analysing the

digestion products by agarose gel electrophoresis (Figure 4.3).

Figure 4.3 Double digest screening of Zeocin™ resistant E. coli colonies with Cla / and Xba
/ enzymes. Clones 1 and 3 contain the CVS G insert. The remaining clones have been
transformed with non-recombinant pPicZaC plasmid DNA.

To ensure the a secretion factor was cloned in frame with the CVS G initiation

codon, positive clone DNA was sent for sequencing with primers specific to the
5' and 3' AOXI priming sequences (Table 6.3). Sequenced recombinant vectors

were cultured, pelleted and plasmid DNA extracted in preparation for
transformation into P. pastoris.

4.2.2 Construction of recombinant P. pastoris strains
The concentration of double stranded DNA after purification was calculated

using the extinction coefficient at OD26o (section 6.1.2.6). Plasmid DNA was

linearised with the restriction enzyme Sac I. In brief, 10 pg of construct was

added to 2 U/pl Sac I (New England Biolabs) diluted in 12 pi of 10 X NEBuffer
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1, 12 jal 10 X BSA and water to a final volume of 100 jllL Solutions were

incubated overnight at 37 °C. Reactions were terminated using the Qiaquick™ kit

(Qiagen) according to the manufacturers instructions. Digested DNA was eluted
into 200 pi nuclease-free water and ethanol precipitated by the addition of 40 |il

4 mM NaCl and 800 pi 100 % v/v ethanol at -20 °C for 1 hour. DNA was

pelleted at 13,000 rpm, washed with 600 pi 70 % v/v ethanol and resuspended in

22 pi of 1 X TE buffer. Linearisation of DNA was confirmed by agarose gel

electrophoresis.

A mixture of 10 pi DNA and 80 pi of P. pastoris competent cells (KM71H and

GS115) were transferred to a pre-chilled electroporation cuvette with 0.2 cm gap

between electrodes. After 5 minutes incubation on ice, cells were pulsed using

the following parameters: 1.5 kV voltage, 25 pF capitance, 329 Q resistance, 8.2
mSeconds time constant and 7.5 kV/cm field strength. Immediately following

electroporation, 1 ml of ice-cold sorbitol was added to the cuvette and contents

transferred to sterile 15 ml falcon tubes. Transformation solutions were placed in

a 30 °C static incubator for 1 hour. YPD media to a volume of 1 ml was added

and cultures incubated overnight at 30 °C. Selection of transformed cells was

performed by plating out 200 pi of overnight culture on YPDS plates containing
Zeocin™ at concentrations of 100 pg/ml, 500 pg/ml, 1000 pg/ml and 2000

pg/ml. Plates were then incubated, in the dark at 30 °C for 2-3 days until the

appearance of single colonies.

4.2.2.1 Determination of the methanol utilisation (Mut) phenotype of GS115
clones

o

All KM71H recombinants have the Mut phenotype corresponding to a slow rate

of growth on methanol containing medium. Therefore, it was not necessary to

investigate this strain any further. To determine the phenotype of each

recombinant GS115 clone, individual, Zeocin™ resistant colonies, appearing on

the highest concentration antibiotic plates, were streaked onto a minimal
methanol (MMH) plate and then onto a minimal dextrose (MDH) plate. To
establish the rate of growth, two GS115 control colonies with either a wildtype

(Mut+) or slow methanol utilisation (Muts) phenotype were streaked onto both
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plates. Plates were incubated at 30 °C for 2 days and recombinant colony size
I o

compared to the GS115 controls. The Mut /Mut phenotype of each colony was

scored and Mut+ clones restreaked onto fresh MDH plates to obtain pure clonal
isolates.

4.2.2.2 Confirming pPicZocC-CVS G integration into the host genome
Genomic DNA was isolated from KM71H and GS115 P. pastoris previously

transformed with the pPicZaC-CVS G recombinant plasmid (section 6.1.2.9). To
determine the success of plasmid integration and to ensure that the CVS G insert
was still present, PCR was carried out on the purified DNA using primers

specific to the truncated rabies glycoprotein sequence (Table 4.1). PCR was

performed using the Bio-X-Act polymerase (BioLine) and its associated
additives and buffers. Reactions were conducted using 400 ng of template DNA

added to 10 pi 10 X OptiBuffer™, 20 pi Hi-Spec™ additive, 8 jlxI 4 mM MgCb,
2 pi Bio-X-Act polymerase™, 2 pi each of 1 pM 5' and 3' primers, 3 pi 10 pM

dNTPs and H20 to a volume of 100 pi. Prior to polymerase addition, mixtures

were heated to 70 °C for 5 minutes. The following PCR reaction was performed
in a thermo cycling machine (section 6.1.2.1):

94 °C 2 minutes

-n

94 °C 1 minute

46 °C 1 minute > 25 cycles

72 °C 7 minutes
y

72 °C 7 minutes

4 °C

Amplified DNA was separated by agarose gel electrophoresis and the presence

or absence of the 1300 nt CVS G sequence noted. Positive clones were selected
and streaked onto fresh YPD plates.
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4.2.3 Expression of recombinant P. pastoris strains
GS115 and KM71H colonies were amplified in small, medium, large and
fermentor scale cultures (section 6.1.3.2.2). As a control for determining

background levels of intracellular and secreted P. pastoris protein expression, a

GSS15 and KM71H host transformed with the non-recombinant pPicZaC vector

were included in all growth and induction expression trials. At specific time

points during the induction period, aliquots of cultured cells were harvested and
both the supernatant (growth media) and cell pellet processed and stored at -80
°C (section 6.1.4.2).

In an attempt to stimulate recombinant protein expression, the adjustments
described in Table 4.2 were made to the induction and growth conditions.
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Variable Conditions tested

Standard = 1.0

Low = 0.5

OD of induction Low (-) = 0.25

High = 1.5

High (+) = 2.0
Standard = 0.5 % v/v
Low = 0.25 % v/v

Methanol concentration Low (-) — 0.125 % v/v
High = 0.75 % v/v

High (+) = 1.0 % v/v

Standard = 30 °C

Temperature of induction period Low = 25 °C

Low (-) = 20 °C

Standard = pH 6.0
Unbuffered. Induction carried out in

Media pH MMH media.
Low = pH 5.0

High = pH 7.0
Casamino acids added to growth

media

Reduction of protease action Average = 1%
Low - 0.5 %

High = 2 %

Table 4.2 Alterations made to the growth and induction parameters of P. pastoris cultures
in an attempt to initiate the induction of the recombinant CVS G protein fragment.

Expression was also tested from several different Mut+ and Muts P. pastoris
clones identified as containing the CVS G gene sequence.
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4.2.4 Detection of CVS G protein expression
Supernatants and cell pellets were processed in preparation for examination of
levels of secreted and intracellular expression of the CVS G fragment (section

6.1.4.2). Insoluble and soluble proteins were removed and separated by SDS
PAGE. Coomassie blue stained bands of appropriate molecular weights were

excised from gels and their trypsin digestion profiles obtained via mass

spectrophotometry. Western Blot and immunodetection analysis using a

polyclonal rabies antibody was also performed (section 6.1.4.3.3).

4.3 Results and discussion

4.3.1 Construction of the pPicZaC-CVS G recombinant plasmid
The pPicZaC vector was selected as an expression vehicle since all cloning

manipulations and recombinant plasmid selection could be easily performed
within the E. coli system with only the final stage of protein expression requiring
the use of the yeast P. pastoris. pPicZaC also encodes a 6-histidine motif for

expression of a carboxy-termini tagged recombinant protein. The secretion tag

(a-factor) derived from Sacchromyces cerevisiae was cloned in frame and

upstream of the CVS G protein fragment. Heterologous protein expression in P.

pastoris can be intracellular or secreted. The CVS G protein was cloned as an a-

factor fusion to promote its targeting to the secretory pathway. As P. pastoris
secretes very low levels of native proteins it was expected that the CVS G

fragment would be the major protein species in the growth medium. This process

would theoretically fractionate the protein from the bulk of P. pastoris cellular

proteins facilitating its purification. Furthermore, processing through the
membrane system of the yeast cell would result in A-glycosylation of the protein:
an important post-translational modification for the production of biologically
active protein (section 1.8.1). A schematic representation of the expressed
recombinant protein is depicted in Figure 4.4.
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Potential Glycosylation Sites

2—£
J-HHHHHH

a-factor CVS G (424 amino acids)

Figure 4.4 Schematic representation of the CVS G recombinant protein expressed from the
pPicZaC vector in P. pastoris. Shown are the N-terminal a-factor for secretion and the C-
terminal 6-His purification tag. Potential glycosylation sites are at residues 56, 223 and 338
along the nascent polypeptide chain. A fourth potential glycosylation site at residue 499 is
not present on the truncated CVS G fragment (residues 1-424).

pPicZaC also encodes a methanol inducible promoter {AOXI) and the Sh ble

gene from Streptoalloteichus hindustanus. The former allows expression of the
CVS G protein in the presence of methanol and the latter confers resistance to the

drug Zeocin™. Expression of the Zeocin™ resistance protein allows the selection

of plasmid containing transformants in E. coli and P. pastoris. Zeocin™ is a

member of the bleomycin antibiotic family that function by binding to DNA and

introducing lethal double-strand breaks that induce apoptosis. The Sh ble
encoded protein binds to the antibiotic rendering it inactive. Finally, the AOXI

promoter is homologous to regions within the GS115 and KM71H nucleic acid

sequences. Linearised vector DNA is subsequently targeted for integration into
the P. pastoris genome via homologous recombination at the AOXI locus. The
result is the insertion of one or more copies of the plasmid expression cassette

downstream of the methanol induced promoter.

The pPicZaC-CVS G recombinant plasmid was successfully constructed in E.

coli, linearised then introduced into the genomes of both P. pastoris strains.
Transformants were selected from the highest concentration antibiotic plates to

increase the chance of procuring a multi-copy clone (i.e. containing more than
one CVS G expression cassette in the 5' terminus of the AOXI locus). Such
clones are associated with a higher level of foreign protein expression.
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4.3.2 Determination of the Mut phenotype in GS115 and
consideration of the two P. pastoris expression strains

Precluding overexpression trials, GS115 strain clones were replica plated onto

minimal methanol or dextrose plates supplemented with histidine then screened
to determine their methanol utilisation phenotype. It was not necessary to test

KM71H clones since a difference in genetic make-up renders all recombinants
Muts. The two distinct genetic environments were, both examined for CVS G

expression.

All Pichia pastoris strains are derivatives of the wild-type strain NRRL-11430

(Northern Regional Research Laboratories, Peoria, IL). P. pastoris was

developed as an expression system following the discovery of the organisms
intrinsic capability to utilise methanol as a sole source of carbon and energy via a

unique metabolic pathway involving a series of specific enzymes. The two

Pichia pastoris host strains; GS115 and KM71H, used for recombinant protein

expression were obtained from Invitrogen (EasySelect™ Pichia Expression Kit).
Each strain contains at least one AOX gene (A OXJ or AOX2) that encodes the
alcohol oxidase enzyme. The AOX1 gene is the dominant loci and is responsible
for the majority of alcohol oxidase activity (378). The alcohol oxidase enzyme

catalyses the first step in the methanol metabolism pathway. GS115 has a

mutation in the histidinol dehydrogenase gene (his4) but is wild-type with regard
to the AOXI and AOX2 loci. As a result, all recombinants would exhibit a wild-

type, methanol-utilisation phenotype. However, multiple and spontaneous

recombination events occurring at both the 5' and 3' terminus of the AOXI

protein would render the clone Mut (slow-growing) rather than the desired Mut

(fast-growing). For this reason all Zeocin™ resistant GS115 clones were

screened to reveal their Mut phenotype. Using a wild type Mut+ GS115 strain we

were able to distinguish between the two phenotypes. Approximately 1 % of all
clones screened were Muts. These clones were discarded.

Since the expression strain can have an affect on the level of protein production,
transformants of the KM71H strain were also produced (Muts). All KM71H
recombinants have a doubling time of 18 hours compared to a wild-type yeast

doubling time of 4-6 hours. KM71H (arg4 aoxl::ARG4) has the wild-type ARG4

gene from Sacchromyces cerevisiae inserted into the AOXI gene replacing
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codons 16 through 227 (379). As a result, the utilisation of methanol by this
strain is reliant on the weaker alcohol oxidase gene for alcohol oxidase

production. Methanol utilisation rate is reduced and growth is retarded on

methanol-supplemented material. Since multiple homologous recombination
events would result in a host incapable of utilising methanol, all Zeocin™
resistant KM71H transformants are Mut .

Mut+ GS115 clones and Muts KM71H clones were further analysed by PCR to

verify the presence of the CVS G insert. Positive colonies were then cultured in

preparation for expression trials.

4.3.3 CVS G as a candidate for structural studies
Prior to the commencement of expression and purification trials the CVS G

sequence was submitted for analysis by the GlobPlot and PredictProtein servers.

This basic structural investigation was aimed at establishing the globularity of
the polypeptide chain and determining the presence of any long disordered

regions that would be problematic in crystallisation experiments (section

2.3.3.2). As no purified sample of the protein was obtainable we were unable to

determine the CD spectra for the protein fragment.

The truncated region of the rabies glycoprotein spans the first 424 residues of the
524 amino acid protein. Included within this sequence are three of the four

glycosylation sequons for oligosaccharide addition (Figure 4.4). Analysis of the
entire protein sequence indicates the presence of one transmembrane helix,

spanning residues 460-477. Since the extracellular domain of a transmembrane

protein is more amenable to crystallisation in aqueous buffer than the whole

protein, this region of the CVS G protein was removed from the protein prior to

sub-cloning into a P. pastoris expression vector. Membrane-spanning domains
can participate in multiple hydrophobic interactions with the subsequent
formation of high molecular weight protein aggregates. The intracellular domain

(residue 478-524) was also removed.

Both GlobPlot and PredictProtein indicated that the 424 amino acid fragment
would exist as a globular and compact domain (Figure 4.5).
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Figure 4.5 GlobPlot prediction for CVS G residues 1-424.

GlobPlot approximated that 80 % of the protein would exist in a globular state

with only 20 % of residues showing propensity for disorder. The predicted

secondary structure was estimated to be 52 % loop, 32 % sheet and 15 % helix.
These promising results indicated that the truncated fragment would be a suitable
candidate for future crystallisation experiments.

4.3.4 Expression of the CVS G fragment in P. pastoris
The expression system of P. pastoris has many of the advantages seen in other

eukaryotic systems, including the ability to process, fold and posttranslationally

modify proteins. As the truncated rabies glycoprotein has three oligosaccharide
addition sites (residues 56, 223, and 338), of which at least two must be

glycosylated to allow biological activity (section 1.8.1), it was deemed important
to reproduce the N-linked glycosylation of the CVS G polypeptide chain.

Furthermore, expression of the entire rabies glycoprotein within a prokaryotic E.
coli system resulted in the production of protein analogs with only some of the
biochemical and antigenic characteristics of the native protein (288). Since the
correct folding and processing of the glycoprotein form the basis of antigenicity
and biological activity, these experiments demonstrated the requirement of post-
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translational modifications in production of a biologically relevant protein. The

necessity to synthesise an 'authentic' rabies glycoprotein led to the selection of
the P. pastoris expression system. Additional benefits associated with protein

production in P. pastoris, include the ability to tightly regulate the expression of

proteins cloned downstream of the methanol-induced AOX1 promoter and the
ease at which high-cell density, fermentor scale cultures can be grown.

4.3.5 Small scale expression trials
During initial expression trials both the KM71H and GS115 clones were tested
for CVS G expression. However, upon methanol-induced CVS G expression,
GS115 clones began to show signs of cell lysis indicated by a cessation in culture

growth and a fragmented cell pellet following centrifugation. After 24 hours

post-expression cultures were prematurely harvested. Attempts were made to

reduce cell lysis by slowing the rate of protein production. This included a

reduction in methanol concentration and a decrease in the temperature of
induction. Neither parameter had significant effect and cultures continued to fail

upon the addition of methanol. This indicated that the GS 115 yeast strain was

unsuitable for the production of the G protein. A possible explanation of this
result is the extreme sensitivity of Mut+ P. pastoris strains to high, residual
methanol concentrations (380). During methanol metabolism the toxic by¬

product hydrogen peroxide is sequestered by specialised organelles

(peroxisomes). In the presence of excess methanol, peroxisomes become
saturated and P. pastoris cells are exposed to a lethal concentration of the toxic

reagent. Therefore, although Mut+ strains are advantageous in terms of their
faster growth and higher-levels of foreign protein production, the addition of
methanol must be stringently controlled.

KM71H clones were not adversely affected by methanol addition and were

cultured for six-days, post-methanol induction. To determine the optimal time

period for CVS G expression, KM71H clones were grown and samples removed

every 24 hours over a period of six days. Cells successfully reached log-phase

growth (OD6oo - 4) and methanol was added to induce protein expression.
Cultures were harvested after a maximum of six days as cell density began to

decrease. The decrease was assumed to be linked to the high cell densities of the
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cultures with subsequent starvation of the methanol carbon source. Supernatant

samples were analysed for the CVS G protein, as DNA sequencing of each
Zeocin™ resistant clone demonstrated fragments to be in-frame with the a

secretion factor. However, aliquots obtained from the cell pellet were also
monitored for the presence of CVS G. To determine levels of intracellular

expression, soluble and insoluble fractions were obtained from both samples.
This precaution was necessary, as two separate sets of data had previously shown
the rabies glycoprotein to be predominantly insoluble. For example, insolubility

problems were encountered following glycoprotein removal from intact virions

(381) and after expression of fusion protein analogs in E. coli (288).

KM71H clones were initially induced with 0.5 % methanol at 30 °C. Analysis of
SDS PAGE gels by Coomassie blue staining showed a very weak band appearing
2-3 days post-methanol induction between the 98 kDa and 185 kDa marker
standard (Figure 4.6). This band was determined by mass spectrophotometry to

be the CVS G protein. Although electrophoresis was performed under denaturing
conditions we were repeatedly able to detect a trimeric form of the rabies

glycoprotein following small-scale expression trials. Other lower molecular

weight bands were also seen but the high density of stained proteins made
excision of a single band difficult and inaccurate. The molecular weight of the
trimeric protein species was estimated to be above 150 kDa, as the addition of

carbohydrate side chains would retard migration during SDS PAGE.

138



1 2 3

185 kDa

98 kDa

52 kDa

31 kDa

Trimeric CVS G

(approx 150 kDa)

Possible monomelic CVS
G (approx 50 kDa)

Figure 4.6 Coomasie blue stained SDS polyacrvlamide gel fragment. Expression was
maintained with a 0.5 % methanol-feed at 30 °C in KM71H (Muts) clones. Lane 1 shows an

aliquot taken from the supernatant fraction 2 hours post-induction. Lane 2 and 3 show
post-induction samples obtained from the culture growth media at later time points.

The native oligomerisation state of the rabies membrane protein was previously
determined using electronmicroscopy and sedimentation analysis (273). Use of a

zwitterionic detergent, CHAPS, allowed solubilisation of G in its native trimeric
structure. However, this quarternary structure was not believed to be stable as

other detergents used during the experiments rendered the protein in its
monomeric form. To confirm our results, Western blots were performed on the

supernatant samples obtained from the KM71H small-scale expression trials.

Immunodetection, with a rabies-specific antibody again identified a trimeric

species of the glycoprotein with a molecular weight greater than 120 kDa (Figure

4.7). We concluded that this trimeric species was the native form of the CVS G

fragment following expression in P. pastoris. It has been shown that the pH at

which protein extraction was performed could significantly influence the stability
of the oligomer. Gaudin et al performed protein extraction and solubilisation at a

pH greater than 7.5. It is possible that the mildly acidic environment (pH 6.0) in
which the P. pastoris cultures were grown conferred stability on the oligomerised

protein. These results are similar to those obtained with the VSV glycoprotein.
When solubilised with the detergent octyl glucoside at neutral pH the VSV
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protein appears monomeric (382). However, solubilisation with Triton X100 at

an acidic pH allowed the extraction of VSV G as a trimer.

2 3 4 5 6 Marker

Monomeric CVS G

(approx 50 kDa)

Trimeric CVS G

(approx 150 kDa)

20 kDa

40 kDa

60 kDa

50 kDa

30 kDa

120 kDa

100 kDa
80 kDa

Figure 4.7 Western blot analysis of KM71H supernatants obtained during an expression
trial performed with 0.5 % methanol at 30 °C. Lane 1-6 show levels of CVS G expression,
post-methanol induction on days 1-6 respectively.

The more sensitive and specific method of Western blotting and

immunodetection, indicated that levels of the trimeric G protein accumulated

during the expression period. Furthermore, on the first day following methanol
addition, a faint signal with a molecular weight approximate to a glycosylated
and monomeric form of the truncated CVS G protein was detected. By day 2 of

expression, this signal was significantly weaker with the majority of fluorescence

occurring in the region of a trimeric protein species. These results suggested that
as the concentration of the truncated fragment increased, the protein was able to

oligomerise into stable trimers. In addition, the difference in observed and

expected molecular weight of the monomeric protein suggested that the protein
was being successfully glycosylated by P. pastoris.

4.3.5.1 Medium and large-scale expression trials
With the identification of an optimal P. pastoris strain, expression period,

temperature and methanol concentration on a small-scale, attempts were made to
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increase the magnitude at which cultures were grown with the goal to express

sufficient quantities of the glycoprotein for purification and crystallisation.
Cultures were initially grown and harvested as above, with induction maintained

on a 0.5 % methanol feed at 30 °C. However, two days post-induction, cell

density began to decline indicating a problem with culture growth conditions. As
aeration of P. pastoris is essential for maintaining cultures at high cell densities,

especially in the presence of methanol, several variations to improve the culture

oxygen supply were tested. These included, increasing the rpm of agitation (from
180 rpm to 250 rpm), altering the culture:flask volume ratio (from 500 ml in 1 1
to 250 ml in 2 1) and lowering the OD600 at which induction commenced (from 1
to 0.5). Combination of each parameter variation permitted cultures to be grown

with moderate cell densities, post-methanol addition for at least five days.

Supernatants and cell pellets were harvested and soluble and insoluble protein
fractions extracted. Analysis by Coomassie blue staining and Western
blot/immunodetection indicated that following the alteration of growth

conditions, the CVS G fragment was no longer expressed. In pursuit of
conditions that resulted in protein expression but did not cause subsequent cell

lysis, a series of optimisation trials were performed (see Table 4.2). Despite

rigorous attempts, CVS G expression was never re-obtained. This suggested that

the initial small-scale expression conditions (0.5 % methanol, 30 °C, 6 days,

OD6oo of induction = 1) or another undefined parameter were critical for the

production of the recombinant protein. Therefore, it was decided to attempt an

exact replication of the permissive growth and expression environment within a

fermentor.

4.3.5.2 Fermentor expression trials
The literature shows that production of heterologous proteins by P. pastoris is
most successful when performed under fermentor conditions. The controlled
fermentor environment permits the growth of the organism to high cell densities
with OD600 readings reaching values of 10 to 100 fold greater than the shake-
flask limit (383). This is particularly important in the case of secreted proteins,
where the concentration of product in the media is proportional to the
concentration of cells in culture. Another reason for testing the growth of P.
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pastoris and expression of CVS G by fermentation was to circumvent the
aeration problems previously encountered during trials conducted in shake-
flasks. The metabolism of methanol utilizes oxygen at a high rate, with

expression of foreign genes being negatively affected by oxygen limitation.

Using a fermentor environment it was possible to accurately monitor and adjust

oxygen levels within the culture medium.

Fermentation was performed in three separate phases (Table 6.5). The initial
batch phase growth was carried out in media containing 40 g/1 glycerol. During
this period, culture growth was rapid and the expression of the CVS G fragment

completely repressed. Cultures were then adapted for methanol induction through
a glycerol fed-batch phase. Glycerol feed was reduced and dissolved oxygen

concentration maintained at 30 % by increasing agitation to maximum. During
this phase de-repression of the methanol metabolic machinery occurs, permitting
a smooth transition of the culture from glycerol to methanol growth. After 4
hours the glycerol feed pump was turned off. Following the removal of glycerol
from the culture media a significant rise in dissolved oxygen concentration (36 to

120 %) was observed. Casamino acids (1 %) were then added to the culture to

decrease proteolysis of any expressed CVS G. The amino acid-rich supplement
can act as an excess substrate for extracellular protein proteases (384). The
methanol feed rate was begun at 1 ml/1 per hour to promote culture adaptation to

the new carbon source. Dissolved oxygen concentration rapidly decreased from
120 % to 43 % then stabilised at 56 %. At this point the methanol feed rate was

increased as described in section 6.1.3.2.3. Overall methanol concentration was

maintained at 0.5 %. The software control was set to maintain the dissolved

oxygen concentration at 25-30 % and temperature at 30 °C.

SDS PAGE and Coomassie blue staining were used to monitor the production of
the recombinant rabies G protein. A faint band was observed in the molecular

weight region equivalent to a trimeric protein species. Western blot analyses of
the equivalent supernatant samples obtained throughout the fermentor-based

expression trial of CVS G are shown in Figure 4.8.
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Figure 4.8 Western blot analysis of KM71H fermentor expression trials. Supernatant
samples obtained over days 1-5 post-methanol induction.

Unfortunately, even following fermentation-scale culturing and expression of
KM71H recombinant clones, levels of CVS G expression were barely
discernable by standard Coomassie blue staining of polyacrylamide gels. By

utilising the more sensitive method of immunodetection we were able to detect
the trimeric protein. Nevertheless, there was no significant enhancement of

protein yield in the intracellular and secreted, soluble or insoluble expression
fractions. Furthermore, a decrease of approximately 50 kDa in protein molecular

weight was observed 5 days post-methanol induction. This apparent CVS G

protein dimer was not observed in any small-scale expression trials indicating a

fermentor-specific effect. Comparison of the two expression protocols revealed a

significant difference in the level of physical agitation to which each of the
cultures was exposed. Small-scale cultures were maintained at 180 rpm

throughout methanol-induction, whilst fermentor cultures were agitated at

maximum velocity to maintain a specific dissolved oxygen concentration.

However, the stability of the trimers, as observed during analysis of small-scale

cultures, indicated that additional shearing stresses, produced by fermentation
were unlikely to have a pronounced effect on the stability of the oligomeric

protein. In addition, the trimer was present for at least three of the days during
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the induction period. A suitable explanation, linking the fermentor-specific and

time-dependence of the observed degradation of the oligomer, would be non¬

specific proteolysis of the CVS G protein. Increasing cell density occurs

simultaneously with a concentration of other cellular materials, particularly

proteases (383). Casamino acids were added to the initial growth medium to

increase the proteolytic stability of the CVS G fragment. However, this supply of

non-specific protease substrates was not maintained throughout the methanol-
induction in order to mimic the small-scale expression trials most precisely. This

explanation is perhaps more satisfactory, since the mechanical-disruption of the

protein oligomer cannot account for the presence of the protein trimer during the

early stages of expression.

4.4 Conclusions
These investigations were focused on obtaining expression of a truncated

fragment of the glycoprotein from rabies virus (CVS strain) with an aim to

produce sufficient protein for crystallisation and purification. The data shown
here outlines the successful cloning and introduction of the CVS G gene

sequence into the KM71H and GS115 Pichia pastoris yeast strains. Previous

expression trials of glycoprotein analogs in E. coli had produced antigenically
distinct species with altered biochemical characteristics (288). These results
demonstrated the importance of post-translational modification of the nascent

polypeptide and led to the selection of the eukaryotic expression system. Initial
success in small-scale expression trials indicated that the yeast cells were suitable
hosts for protein synthesis.

Our results suggested that the stable form of the protein being produced under
these growth conditions was the native trimeric species. However, these results
are conflicting with previous literature documenting the instability of the rabies

protein trimer following its extraction from virus-infected cells (273).

Nevertheless, a separate study of the glycoproteins from two diverse lyssaviruses

(Mokola virus and rabies virus - PV strain) indicated that the stability of the
trimeric organisation of the G protein has the potential to be significantly
different (385). Desmezieres et al observed the Mokola virus trimer to be

significantly less stable than the PV rabies trimer. Their data also showed that a
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decrease in oligomer stability had an adverse effect on fusion capability. Since
the glycoprotein is considered to be the major determinant of lyssavirus

pathogenicity (section 1.8.2), the group surmised that the enhanced stability of
the oligomer would account for the increased pathogenicity of the rabies virus

compared to the Mokola virus.

Another explanation for our results could be the potential effect of P. pastoris

specific, N-glycosylation of the CVS G fragment. The band shift of the
monomeric and trimeric forms of the CVS G protein following P. pastoris

expression indicated the successful addition of carbohydrate side chains to the
nascent polypeptide. However, the lower eukaryotic structures of P. pastoris

oligosaccharides are significantly different compared to those produced by

glycosylation in mammalian cells. This is due to a disparity in the process of N-

glycosylation between lower and higher eukaryotes (386). In addition, foreign

proteins secreted by P. pastoris have the potential to be hyperglycosylated.
Gaudin et al extracted the 'unstable' trimeric glycoprotein from baby hamster

kidney cells (273). Therefore, it is possible that the longer outer chains produced

by P. pastoris glycosylation promoted and increased the stability of the CVS G

oligomer.

Although promising, the expression levels obtained in small-scale cultures were

not sufficient for further protein extraction. Several attempts were made to

amplify the volume of cultures to increase the cell density and subsequent CVS
G protein yields. These included 2 1 shake-flasks and 10 1 fermentor cultures.

However, following rigorous screening of growth parameters these trials
concluded without further improvement to protein yield.
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5 Chapter 5
5.1 The hemagglutinin-neuraminidase protein of

Newcastle Disease virus

5.1.1 Background
Newcastle Disease virus is a serious disease of poultry that can cause severe

economic losses. Projecting from the surface of Newcastle Disease virus (NDV)

particles are multiple copies of the hemagglutinin-neuraminidase (HN) protein
and the fusion protein (F). NDV HN is a type II glycoprotein with the amino-
terminal region anchored into the viral envelope membrane. The large,
externalised domain is hydrophilic and glycosylated and plays a major role in the

multiple functions of the HN protein (137, 138). The 63 kDa protein possesses

both the receptor recognition and neuraminidase (NA) activities associated with
the virus. NDV HN binds to sialic acid containing receptors on cell surfaces; acts

as a NA by removing sialic acid from progeny virus particles thereby preventing

self-agglutination of progeny virus; and promotes the fusion activity of the
second NDV transmembrane protein F (section 1.4.2.5). Sequence alignments of
NDV HN and other members of the Paramyxoviridae, including the human

pathogens mumps and hPIV (1-3), indicate the presence of a number of
conserved secondary structure motifs and a high degree of sequence similarity

throughout the family (117, 136). NDV HN has therefore been used as a

biologically significant model for many in vivo and in vitro studies.

Purified NDV HN was successfully crystallised and used to resolve the three-
dimensional structure of the protein in its apo- and ligand-bound (plus

Neu5Ac2en) forms (117, 144). The polypeptide chain was observed to fold as a

six-bladed [3-propeller; a structural motif conserved amongst bacterial and viral
NA proteins (see section 1.5.2.2.3). This folding brings together a series of
strain-invariant residues creating a pocket for sialic acid and substrate analogue

binding. The Neu5Ac2en-HN crystal structure formed the basis for several
mutation studies designed to map the amino acids important to the NA and

hemagglutinin (HN) activities of the protein (159, 387). Furthermore, a

dissection of the interactions between the ligand and the active site residues
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promoted the rational design and synthesis of a series of potent enzyme

inhibitors.

5.1.2 Aims
The primary aim of this chapter was to determine the crystal structure of the
NDV HN protein bound to a series of Neu5Ac2en analogues. It was first

necessary to grow suitable crystals capable of diffracting to a high resolution.

Secondly, soaking experiments were performed on the crystals to determine
conditions that would permit substrate binding in the HN active site without
detrimental effects on X-ray diffraction. Thirdly, the crystals were cryoprotected
and crystallographic data collected by exposing the crystals to an X-ray source.

Finally this information was processed to determine a 3D description of each

diffracting protein in complex with the small molecule inhibitors. The technique
of molecular replacement (MR) was used to obtain the models' phase
information. The solutions were refined and the quality of the models assessed
and validated. The protein-ligand interactions in the crystal structure were then

analysed.

NDV HN was soaked with three different ligands: 5-acetamido-2,6-anhydro-4-

0-benzyl-3,5-dideoxy-Z)-glycero-0-galacto-non-2-enonic acid, sodium salt

(Hnl08), 5-acetamido-2,6-anhydro-4-0-(2-phenyl)benzyl-3,5-dideoxy-D-

glycero-D-galacto-non-2-enonic acid, sodium salt (Hnau39) and 4-

dichloromethanesulfonylamino-2,3-didehydro-2,3,4,5-tetradeoxy-D-glycero-D-

galacto-2-nonulopyranosic acid (BCX2855) (see ). Diffraction data were

obtained from NDV HN in complex with each of the three inhibitors. However,
relevant inhibitor-interaction information could only be extracted from Hnl08
and BCX2855 soaked crystals.
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5.2 Experimental

5.2.1 Growth of NDV HN crystals
The protein sample used in crystallisation was obtained in its purified form from
Professor A Portner (Department of Virology, St Jude Children's Research

Hospital, Memphis). In brief, NDV strain Kansas was grown in embryonated

eggs and purified by sucrose density gradient centrifugation. HN, F and the
matrix protein (M) were isolated by treatment with detergent (Triton X-100) then

subjected to chymotrypsin digestion. The soluble, 50 kDa globular ectodomain of
HN (residues 124-570) was separated from the reaction by ultracentrifugation

(144). Crystals were obtained using the hanging-drop vapour diffusion technique

(section 6.1.5.3.1). The protein solution was diluted with distilled water or 0.1 M

sodium acetate trihydrate pH 4.6, 0.2 M ammonium sulphate to a concentration
of 10 mg/ml then placed into the published crystallisation conditions (Table 5.1)

(0.1 M citrate pH 4.6, 0.2 M ammonium sulphate and 15 %-20 % PEG 3350)

(144).

Drop Protein diluting
buffer

Buffer precipitant Protein Buffer

A Water 20 % PEG 3 |il 1 pi
B HnBufferl 20 % PEG 3 |il 1 pi
C Water 15 % PEG 3 |il 1 pi
D HnBufferl 15 % PEG 3 pi 1 pi
E Water 20 % PEG 2 pi 1 pi
F HnBufferl 20 % PEG 2 pi 1 pi
G Water 15% PEG 2 pi 1 pi
H HnBufferl 15% PEG 2 pi 1 pi

Table 5.1 Literature crystallisation conditions for NDV HN (144).

After one-week incubation at 20 °C no crystals had appeared and it was

necessary to perform the grid screen detailed in Table 5.2. The crystallisation
buffer used in the drops contained 0.1 M Na acetate trihydrate pH 4.6, 25 % PEG
4K and 0.2 M ammonium sulphate.
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Drop Protein diluting buffer Protein Buffer
A Water 2 nl 2 Hi
B Water 2 |Tl 1 H!
C HNBufferl 2 Hi 1 Hi
D HNBufferl 2 Hi 0.5 Hi

Table 5.2 Initial grid optimisation of NDV HN crystallisation conditions

Small, irregularly shaped crystals appeared after two days incubation at 20 °C in

drops A and B. However, the crystal drop also contained a significant amount of

precipitation. Crystals were slightly improved by repeating conditions with
reduced NDV HN protein concentration (5 mg/ml by dilution with distilled

water). To decrease the formation of contaminating precipitate a second

optimisation screen was implemented (Table 5.3) with a mother liquor

containing 0.1 M Na acetate trihydrate pH 4.6, 12.5 % PEG 3350 and 0.2 M
ammonium sulphate.

Drop Protein
Concentration

Protein diluting
buffer

Protein Buffer

A 5 mg/ml Water 2 Hi 1 Hi
B 5 mg/ml HNBufferl 2 Hi 1 Hi
C 5 mg/ml Water 2.5 Hi 0.5 Hi
D 5 mg/ml HNBufferl 2.5 Hi 0.5 Hi
E 3 mg/ ml Water 2 Hi 1 Hi
F 3 mg/ ml HNBufferl 2 Hi Iftl
G 3 mg/ ml Water 2.5 Hi 0.5 Hi
H 3 mg/ ml HNBufferl 2.5 Hi 0.5 Hi
I 2 mg/ml Water 2 Hi 1 H!
J 2 mg/ml HNBufferl 2 Hi 1 Hi
K 2 mg/ml Water 2.5 Hi 0.5 Hi
L 2 mg/ml HNBufferl 2.5 Hi 0.5 Hi

Table 5.3 Second grid optimisation of NDV HN crystallisation conditions

Several large crystals, suitable for soaking experiments were obtained in drops C,

D, G and H following 2-3 days incubation at 20 °C. Plates containing these

crystals were transferred to 4 °C where further growth occurred.

5.2.2 NDV HN crystal soaking
The ligands Hnl08 and Hnau39 were gifts from Professor Mark von Itzstein

(Institute for Glycomics, Griffiths University, Queensland, Australia). The
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inhibitor BCX2855 was developed and provided by Biocryst Pharmaceuticals
Inc. (Birmingham, Alabama). All compounds were supplied as lyophilised

powders and resuspended in 15 % PEG 4K, 0.1 M citrate pH 4.5 and 0.2 M

ammonium sulphate. All soaking experiments were performed at 4 °C.

5.2.2.1 Compound Hnl08
Native HN crystals were transferred to a 2 pi sitting drop containing 12.5 % PEG

4K, 0.1 M Na acetate trihydrate pH 4.6, 0.2 M ammonium sulphate and left to

equilibrate for 4 hours. Hnl08 was diluted in the mother liquor to a final
concentration of 7.5 mM or 15 mM. Drops of the diluted compound were placed

onto a siliconised cover slip and equilibrated to 4 °C. Crystals were looped and

placed in 7.5 mM Hnl08 for 1 hour or 15 mM Hnl08 for 20 minutes.

5.2.2.2 Compound Hnau39
Several different strategies were developed in an attempt to obtain diffracting
Hnau39-HN crystals. Table 5.4 contains the details of the soaking procedures

performed with native HN crystals. Hnau39 was diluted to the final concentration

using the 12.5 % PEG 4K buffer described above. Native crystals were

transferred to a drop containing the liquor without compound and pre-

equilibrated to 4 °C for 4 hours.

Condition Final Hnau39 Soaking strategy Crystal condition
concentration following soaking

1 20 mM Overnight at 4 °C 1

2 10 mM Overnight at 4 °C 1

3 5 mM Overnight at 4 °C 1

4 4 mM 4 hours at room temperature 2
5 6 mM 1 hour at room temperature 2+

6 10 mM 20 minutes at 4 °C 4

7 12 mM 5 minutes at 4 °C 3+

8 15 mM 5 minutes at 4 °C 3

9 20 mM 30 seconds at room 3

temperature
Table 5.4 Compound Hnau39 soaking conditions. The appearance of crystals following the
soaking period was ranked on a numerical scale from 1-5, where 5 was unchanged crystal
appearance and 1 was complete disintegration of crystals. Crystals with a score of 3 and
above were transferred to drops containing a cryoprotectant.
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Conditions 6, 7, 8 and 9 were deemed most successful and crystals were

transferred from these drops into fresh mother liquor containing additional

cryoprotection reagent.

5.2.2.3 Compound BCX2855
Cocrystals of BCX2855-HN were obtained as follows: pre-grown native crystals
were transferred to a 2 pi drop containing 12.5 % Peg 4K, 0.1 M Na acetate

trihydrate pH 4.6 and 0.2 M ammonium sulphate. To this drop 1 pi of 4.9 mM

compound was added and the crystals incubated at 4 °C for 30 minutes. This

process was repeated three more times with the addition of 1 pi of 4.9 mM, 8.3
mM and 12 mM compound respectively. Crystals were incubated for 1-4 hours

prior to cryoprotection. Further ligand-containing crystals were obtained

following an overnight incubation at 4 °C with 2 mM BCX2855.

5.2.3 Cryoprotection
Cryoprotection of all crystals was performed at 4 °C, following crystal-ligand

soaking.

5.2.3.1 Compound Hnl08
Ligand-soaked crystals were transferred briefly to mother liquor (12.5 % PEG

4K, 0.1 M Na acetate trihydrate pH 4.6, 0.2 M ammonium sulphate) containing
9.5 % glycerol and then to mother liquor containing 19.5 % glycerol. Crystals
were incubated for three minutes then looped and frozen with liquid nitrogen.

5.2.3.2 Compound Hnau39
Crystals that did not show signs of cracking following ligand-soaking were tested
for cryoprotection. A series of 2 |il drops containing 5 %, 10 %, 15 % and 19 %

glycerol dissolved in 25 % PEG 4K, 0.1 M Na acetate trihydrate pH 4.6 were set

up. Crystals were looped and briefly washed in each drop from low to high
concentration of glycerol then flash frozen with liquid nitrogen.
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5.2.3.3 Compound BCX2855
Drops containing BCX2855 soaked crystals were diluted with 1 pi 5 % glycerol

containing mother liquor. Crystals were then transferred to fresh drops of 10 %
then 19 % glycerol-containing buffer (25 % PEG 4K, 0.1 M Na acetate trihydrate

pH 4.6, 0.2 M ammonium sulphate) and transferred immediately to a liquid

nitrogen cryo-stream.

5.2.4 Data Collection
All data sets were collected at the ESRF facility (Grenoble, France). Prior to this,

crystals were tested on the in-house generator. Formation of ice on the crystal,
the appearance of ice-rings in the diffraction pattern and spot quality were all
assessed. Crystals that showed profiles with double maxima, elongation or

smearing were discarded, as were crystals that did not diffract beyond 3 A. Test

images were processed to determine space group and collection strategy (section

6.1.5.6).

Data from Fin 108 and Hnau39 complexes were collected on the ESRF beamline
ID 14-3 equipped with a MAR CCD detector. Data from BCX2855 co-crystals
were collected on beamline ID 14-2 equipped with an ADSC Q4 CCD detector.
In all cases a monochromatic beamline with wavelength 0.93 A was used.
MOSFLM was employed to identify the space group and predicted all crystals to

be in the orthorhombic space group P2i2i2i. The data collection strategy for each

ligand is shown in Table 5.5.

Hnau39 Hnl08 BCX2855
Oscillation range (°) 0.75 0.5 0.5

Overlap 0 0 0

Exposure time (seconds) 4 5 5
No of passes per frame 3 3 1
No of frames to collect 150 180 240
Detector distance (mm) 235 195 235
Detector resolution limit 2.6 2.4 2.5

(A)
Table 5.5 Data collection strategies for Hnau39, Hnl08 and BCX2855 soaked NDV HN
crystals.
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5.2.5 Data processing

5.2.5.1 MOSFLM indexing and integration
All data were processed using MOSFLM version 6.2.2 (370). Three to four

images were read and autoindexed to determine the space group and estimate the
unit cell parameters. The selected images were integrated and the standard profile

inspected to check the integration parameters. Mosaicity was also checked for a

few images before post-refinement of the unit cell parameters was performed.
The whole batch of collected images was then integrated with visual inspection
of the profile to ensure predicted and observed peaks were in agreement. The

output file (.mtz) containing the list of hkl reflections and integrated intensities
was passed to the CCP4 programme SCALA version 3.1.2 for merging and

scaling (388).

5.2.5.2 SCALA merging and scaling
The .mtz output file from MOSFLM was sorted and scaled using the CCP4

programme SCALA. Initial scale factors and anisotropic B-factors were

calculated for batches of the processed images at 10 ° intervals. Scale factors
were analysed to isolate inconsistent batches. These predominantly occurred at

the end of data collection due to radiation damage within the protein crystal.
Such data were omitted from subsequent sorting and refinement processes to

improve the overall statistical analysis. The following parameters were checked
to evaluate the data quality: Rmerge, Vol, completeness and multiplicity. To
confirm the correct selection of space group for each data set, systematic
absences were also checked. In the P2i2)2i space group, systematic absences
occur for axial reflections hOO, OkO and 001 when h, k or 1 is odd.

5.2.5.3 Molecular replacement (MR)
HN crystals suffer from extreme non-isomorphism, with large variations in unit
cell parameters. Experience has shown that a simple difference Fourier map

cannot be calculated for ligands using the native (apo) HN structure. In most

cases, molecular replacement needs to be used to correctly place the two HN
monomers in the asymmetric unit. The molecular replacement package AMoRe

(Automated molecular replacement) (389) was used to generate phases for all
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HN ligand complexes. The search for molecular replacement solutions was

conducted with the NDV HN-Neu5Ac2en structure extracted from the Protein

Database (PDB accession number: le8u). The phasing model consisted of the
monomeric protein (chain A) with water molecules and ligand coordinates
removed.

AMoRe was conducted in several distinct stages. The first step, SORTING, was

used to order and reformat the observed structure factor amplitudes (F0bS) within
a resolution shell of 10-4 A. In the second step, structure factors from the search
model were tabulated using TABFUN. In this step the search model is reoriented
and moved such that its centre of mass is at the origin. ROTFUN was used in the
third step to obtain a series of rotation functions for the monomer. A distinct

outstanding solution with the highest possible correlation coefficient and lowest
R factor was selected. The fourth step, TRAFUN was used to calculate the
translation function for a given rotation function output. As there were two

molecules per asymmetric unit the initial solution was fixed and a second round
of MR used to locate a second rotation and translation solution. To ensure the

molecule was correctly positioned AMoRe was used to perform initial rigid body
refinement on each solution (FITFUN). Finally, the successful solution was

applied to the search model to allow its use as the model structure during
refinement.

5.2.5.4 Model refinement

Refinement of the model phases was employed to improve the final model and
therefore the electron density maps. The AMoRe output solution was input into
the CNS programme suite (390) prior to a second round of rigid body refinement

using the maximum-likelihood method. Input coordinate data were converted to

a CNS-standardised (.pdb) format and a molecular topology file (.mtf) generated

containing information about the model's topology (bonds, bond angles, torsion

angles e.t.c) and atomic charges and masses. A cross validation file (.cv) was

also produced to generate a test-data set (Free R flagged data) consisting of a

random selection of 10 % of the total recorded reflections. The remaining data
were considered as the working set against which refinement was performed.
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Refinement was an iterative process involving simulated annealing, energy

minimisation and individual B-factor refinement in CNS. This was interspersed
with fitting of the ligands and flexible loop regions of the protein into the
electron density maps generated after each round. This was performed in the
molecular graphics programme O (391). A typical refinement scheme is depicted
in Figure 5.1.
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Performed in O

Performed in CNS

Figure 5.1 General refinement scheme for HN-ligand complexed crystals.
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Following determination of ligand presence or absence within the HN binding

pocket, refinement commenced with the following parameters applied to each
round:

■ CNS rigid body refinement was performed within a resolution shell of
100-4 A.

■ Simulated annealing, energy minimisation and individual B-factor
refinement were performed within a resolution shell of 100-2.5 A
(BCX2855) or 100-2.8 A (Hnl08)

■ Water molecules were selected using default criteria. (Minimum distance
between water and atom = 2.6 A. Maximum distance = 3.5 A. Minimum

and maximum H-bonding distances between water and O or N-atom = 2.0
A and 3.2 A respectively. Maximum B-factors values = 60 A2).

The programmes ProDrg (392) and SYBYL version 6.6 (Tripos Inc.) were used
to define ligand coordinates and generate their respective topology and parameter

coordinate files.

The success and accuracy of structure refinement was judged by continuous

monitoring of the R-factor and R-free values. A decrease in both numbers
indicated successful refinement.

5.2.5.5 Model quality assessment
Following refinement, a number of parameters were observed to assess the

quality of the protein structures:

■ R-factor and R-ffee values were observed throughout refinement as

universal indicators of the agreement between the model and

experimental data.
■ Stereochemistry of each main chain was investigated using the CCP4

programme ProCheck to generate a Ramachandran plot (393). Residues
in disallowed conformations were checked using the graphical interface
in O to verify their position. Geometric parameters, including bond angles
and planarities, were also checked.
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■ Root-mean-square deviations (r.m.s.d) of bond length and bond angles
were obtained using WHATIF (394) then compared to ideal geometry

values.

■ Contacts between the compound and residues of the NDV HN active site
were identified using CONTACT then further analysed by detailed

inspection of the refined protein structure. Analysis of atom-atom

distances and nature of each participating residue defined hydrophobic,
electrostatic and hydrogen-bonding interactions.

5.3 Results and Discussion
Purified HN protein was provided by Professor A Portner (Department of

Virology, St Jude Children's Research Hospital, Memphis). Purity of samples
was checked by electrophoresis before crystallisation experiments commenced

(Figure 5.2).

Marker NDV HN

116.3 kDa

97.4 kDa

66.3 kDa

55 4 kl")a
NDV HN (50 kDa)

36.5 kDa

31.0 kDa

21.5 kDa

Figure 5.2 Fragment of a Coomassie blue stained SDS polyacrylamide gel showing the
ectodouiain of NDV HN.

5.3.1 Crystallisation and compound soaking
Initially, crystallisation experiments were performed in the published NDV HN

crystallisation buffers (144). However, it was noticed that heavy precipitate
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appeared 2 to 3 hours after the drops were set down. This indicated that the

protein concentration was too high and the rate of vapour diffusion too great to

be permissive to protein crystallisation. To reduce this phenomenon, protein

samples were diluted in either protein buffer or distilled water. After 2 days

incubation, irregularly shaped crystals appeared, but these were deemed too

small for compound soaking and X-ray data collection. Reiterative alteration of
the crystallisation buffers resulted in bigger and better quality crystals (Figure

5.3).

A

Figure 5.3 NDV HN crystals at early (panel A) and late (panel B) stages of optimisation.
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Once grown, native crystals were soaked with three different inhibitors whose
chemical composition and structure were based on the parent molecule
Neu5Ac2en (Figure 5.4). The protein-ligand complexes formed with varying

degrees of difficulty. Addition of the Hnl08 ligand did not cause the crystals to

dissolve or crack even at high concentrations. In the case of Hnau39 and

BCX2855, addition of high or low concentration solutions to crystallisation

drops resulted in immediate damage to the crystal. Disruption to the crystal

ranged from large cracks appearing on the outer surface to complete

fragmentation. This indicated that even low concentrations of the compounds
were disruptive to the intermolecular crystal packing. To alleviate this problem, a

number of different soaking conditions were tested in the pursuit of Hnau39 and
BCX2855-HN complexes. After extensive attempts, soaking-conditions were

established for Hnau39 and BCX2855.
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R=NHAc R=NHAc

Hnau39

Na+

Hnl08

O

Figure 5.4 Compounds (A) 5-acetamido-2,6-anhydro-4-0-benzyl-3,5-dideoxy-Z)-glycero-0-
galacto-non-2-enonic acid, sodium salt (Hnl08), (B) 5-acetamido-2,6-anhydro-4-0-(2-
phenyl)benzyl-3,5-dideoxy-Z)-glycero-Z>-galacto-non-2-enonic acid, sodium salt (Hnau39)
and (C) 4-dichloromethanesulfonylamino-2,3-didehydro-2,3,4,5-tetradeoxy-/)-glycero-/)-
galacto-2-nonulopyranosic acid (BCX2855).

5.3.2 Data collection and data processing
Following the definition of cryoprotection conditions for each ligand-bound

crystal, X-ray data sets were collected. The diffraction patterns obtained for both
Hnl08 and BCX2855 were of good quality and suitable for processing (Panel A

Figure 5.5). The diffraction patterns produced by Hnau39-soaked crystals

consistently displayed the smeared, elongated and double maxima associated
with internally-damaged or split crystals (Panel B Figure 5.5). However,
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microscopic inspection of these crystals, prior to X-ray exposure had revealed an

unaltered appearance after incubation with the ligand. These results indicated
that even at low concentrations Hnau39 induced a detrimental effect on the

internal crystal structure, further substantiating the observations made during

crystal soaking experiments. Comparison of the compounds Hnl08 and Hnau39
revealed them to be different, only in the presence (Hnau39) of an extra phenyl

ring at the C4 position. As no problems were encountered with Hnl08, it was

assumed that the increased bulk of Hnau39 was sufficient to cause irreparable

damage to the intrinsic crystal packing arrangements. Furthermore, the larger
substituent has potential to participate in extensive interactions with residues of
the active site increasing the potential of one or more interactions being

disruptive to crystal stability. Alternatively, Hnau39 may contain a trace impurity
not present in solutions of Fin 108. This interpretation is consistent with the

'concentration-dependence' of crystal fragmentation i.e. the higher the
concentration of Hnau39 the greater the degree of crystal-disruption.

Nevertheless, after multiple attempts a crystal was found that diffracted with

slightly reduced signs of intermolecular damage, producing data of interpretable

quality.
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Figure 5.5 Diffraction patterns obtained from A) BCX2855 soaked NDV HN crystals and
B)Hnau39 soaked NDV HN crystals.

A summary of the data statistics is presented in Table 5.6. Initial processing of
the data indicated all crystals belonged to the orthorhombic space group P212121.

Although the selected space group was identical to the native HN structure,

significant differences, associated with ligand-binding, were observed in the
dimensions (a,b,c) of each unit cell.
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Data set Hnl08 Hnau39 BCX2855

Cell (A)
a 73.23 73.27 73.55
b 77.21 76.73 77.33
c 202.72 202.99 203.46

a, P and y All values == 90 ° for all complexes
Space group P2,2i2i P2,2121 P2,2,2,

Resolution (A) 50-2.8 (2.9-2.8) 69-2.8 (2.9-2.8) 59-2.5 (2.6-2.5)
Observed reflections 558,220 632,663 998,472
Unique reflections 32,019 29,431 40,496
Mosaicity (°) 0.67 0.78 0.56

Completeness (%) 88.1 (87.4) 98.8 (98.3) 97.7 (98.7)
Rmerge (%) 9.2 (31.3) 8.2(17.8) 7.1 (33.2)
Average I/gI 6.1 (2.4) 7.4 (2.2) 8.4 (2.3)
Typical cell dimensions of the native crystal structure:

a = 73.3 A, b = 78.0 A, c = 202.6 A
Rmerge = ll I (k) -<I> | / I I (k)

Table 5.6 Data processing statistics and unit cell dimensions. Values in parentheses are for
highest resolution shells. For Rmerg« I(k) is the value of the k,h measurement of the intensity
of a reflection , <I> is the mean intensity of multiple measurements of this reflection and the
summation is over all measurements taken.

Consistent with native crystals, ligand-bound HN diffracted to between 2.5 and 3
A. The completeness of the data sets varied between complexes, but was

sufficient to solve the structure by molecular replacement and detect the presence

or absence of the ligand in the active site. The quality of the processed data sets

was determined through analysis of the Rmerge and I/gI values and seen to be

good. For all compounds, the overall Rmerge value of the data set which assesses

the level of agreement between the symmetry related intensities after scaling,
was significantly low. The average I/gI ratio, a measure of reflected intensity
over the standard deviation of intensity, was above the accepted minima of 2.5.

For all data sets the solvent content of the crystal was calculated and used to

estimate the number of protein molecules within the asymmetric unit. In
accordance with native HN, a protein dimer was present in the asymmetric unit,

leading to a Matthews' number (Vm) of 2.4-2.7 A3/Da and a solvent content of
50-54 % (374).
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5.3.2.1 Molecular replacement
The high degree of homology between each ligand-bound complex and the apo¬

protein crystal form indicated that the process of molecular replacement would
be sufficient to determine the experimental phases. During MR, information
derived from a solved and homologous protein structure (the phasing or search

model) is used to obtain the data required to solve the structure of the target

protein. The search model is placed into the 'new' unit cell and orientated by

separate rotation and transformation functions until its position can be

superimposed onto the target protein. Each MR solution is awarded a correlation
coefficient and a R-factor value. The correlation coefficient assesses the accuracy

of the rotation function, with high values indicating a successful superimposition.
To assess the reliability of the transformation function, an R-factor is calculated
to discern the agreement between model (expected) and target (observed) protein

intensities, where a perfect agreement would give a value of 0.

During MR of the NDV-HN complexes, AMoRe was performed with a

monomeric HN search model. The presence of two HN molecules per

asymmetric unit required the initial MR solution (location of protein chain A) to

be fixed and a second round of rotation and translation to be performed (location
of chain B). The AMoRe output was visualised in O to ensure a 'sensible' dimer
had been located. The solution outputs after the first and second rounds of
AMoRe for each of the protein complexes are displayed in Table 5.7.
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Compound Solution a (3 y Tx Ty Tz CC R-
factor

Hnl08

1 72.4 16.9 117.8 0.80 0.21 0.70 46.8 40.0
2 123.3 13.3 234.4 0.11 0.17 0.08 70.7 32.2

Hnau39

1 84.3 78.4 160.2 0.14 0.32 0.80 50.3 36.1
2 81.3 76.1 341.1 0.29 0.27 0.19 68.7 33.0

BCX2855

1 83.9 77.9 160.4 0.29 0.27 0.19 50.2 42.4
2 80.9 75.7 341.6 0.29 0.27 0.19 71.7 32.4

Table 5.7 The top AmoRe output solutions for Hnl08, Hnau39 and BCX2855 soaked NDV
HN crystals. Solution 1 is the initial 'best' solution obtained for chain A. Solution 2 is the
final solution as obtained for the dimer i.e. chain A and chain B. a, P and y represent
Eularian rotation angles and T„ Ty, Tz the translation vector in fractional coordinates.

5.3.3 Model building and refinement
As molecular replacement was performed with a homologous but non-identical

model, several rounds of refinement were performed on each structure to

improve the electron density map and the final model for each complex. During

rigid body refinement the two chains of the monomer (chain A and chain B) were

treated as separate entities to allow their positions to be refined with respect to

each other. Double and single difference electron density maps (2F0-FC and F0-

Fc) were generated for each protein-ligand complex. All maps were examined for
the presence of additional density (F0-Fc map contoured at 2.5 a) at the substrate-

binding pocket in each chain of the dimer. Initial inspection of the active site
revealed the following information for each compound:

■ Hnl08 bound in chain A. Some density present in the active site of chain
B but insufficient for accurate interpretation.

■ Hnau39 not fully bound in either chain. Additional density in chain A, but

only sufficient to place the anchoring acetamide, glycerol and carboxylate

groups. No information about the position of the substituted aryl group at

the C4 position.
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■ BCX2855 bound in both chain A and chain B active sites.

At this point in the refinement process it was decided not to refine further the
data collected from the Hnau39 soaked crystal. Additional density in the active
site of chain A was only sufficient to place the conserved acetamide, glycerol and

carboxylate groups in proximity to the interacting residues of the NDV HN

protein. The density indicated that stable binding of Hnau39 occurred via the
constituent groups common to each of the Neu5Ac2en analogues. However, the
lack of F0-Fc density around the C4 substituted position meant no accurate

conclusions could be drawn about interactions of the two-phenyl rings. Two

separate conclusions were made for this data. Firstly, that the additional aryl

group was too flexible to be observed by X-ray crystallography. Secondly, and in
accordance with the low final concentration of Hnau39 used in soaking

experiments, that Hnau39 exhibited low-occupancy binding for HN in the

crystalline form.

For Hnl08 and BCX2855, subsequent steps of refinement were implemented in
CNS (390). Energy minimisation and individual B-factor refinement were

interleaved with manual adjustment of side-chains. A 10 % subset of the data
was omitted from the refinement calculations for validation of the final structure.

Ligand coordinates were generated using ProDrg and SYBYL then modelled into
the F0-Fc density at the active site. The calcium ion coordinated by Asp 261 and
Ser 264 was defined for each polypeptide chain and the oligosaccharides produce

by N-linked glycosylation modelled into the density at residue 481 (117). Water
molecules were added and additional side chain positions at residue 550 (chain

B) were defined. The final R factors for the two complexes were R = 22.83 %, R-
free = 27.1 % (Hnl08) and R = 22.2 % and R-free = 27.0 % (BCX2855).

Analysis of the final models showed them to possess good geometry in

agreement with geometry of well-refined structures (r.m.s.d of bond length and
bond angles). For good models, deviations of bond length and angle are < 0.02 A
and <4° respectively (395). The final refinement statistics of the two complexes
are shown in Table 5.8.
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Hnl08 BCX2855

Resolution 2.8 A 2.5 A
Reflections in working set 32,019 40,496
Reflections in test set (R-ffee) 3,100 3,987
R-factor (%) 22.8 22.2
R-free 27.1 27.0
Number of atoms

Protein atoms 6892 6892
Water atoms 222 432

Ligand atoms 50 60

Average B-factors
Protein (A2) 40.0 42.1
Water (A2) 34.2 30.9

Ligand (A2) 47.9 50.4
R.m.s deviations from ideal

Bonds(A) 0.015 0.011

Angles (°) 1.867 1.617
Main chain B (A2) 0.993 1.086

Table 5.8 Structure refinement statistics for Hnl08 and BCX2855-HN complexes.
Rfactor = S(|F0-Fc| )/ZF0

5.3.3.1 Structure validation

To assess the quality of the refined structure, validation was performed on both

complexes using ProCheck. The protein dimers were analysed as two separate

chains due to the relatively large number of amino acids. Figure 5.6 to Figure 5.9

display the final Ramachandran plots for the two NDV HN dimers.
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Figure 5.6 Ramachandran plot and plot statistics for Hnl08 chain A.
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Figure 5.7 Ramachandran plot and plot statistics for Hnl08 chain B.
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Ramachandran Plot
chainA - Chain A

Phi (degrees)

Residues in most favoured regions 81.3%
Residues in additionally allowed 17.4 %
regions
Residues in disallowed regions 1.3 %

Figure 5.8 Ramachandran plot and plot statistics for BCX2855 chain A.
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Residues in most favoured regions 76.6 %
Residues in additionally allowed 22.7 %
regions
Residues in disallowed regions 0.8 %
Figure 5.9 Ramachandran plot and plot statistics for BCX2855 chain B.
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Residues that fell in the disallowed regions were visually inspected using the

programme O. If the density indicated and the structure permitted, side chains
were readjusted. However, an additional round of CNS refinement resulted in

most residues adopting their original positions. The 'improved' structures were

used to generate the Ramachandran plots shown above. Table 5.9 highlights the
'disallowed' residues and offers suggestions for the allocation of each.

Compound Polypeptide Residue Reason for allocation
chain

Hnl08 A

Asp 147 Fits 2Fo-Fc density. Visibly fine.
Tyr 526 Fits 2Fo-Fc density. Visibly fine.
Leu 552 Fits 2F0-FC density. Visibly fine.
Val 302 Fits 2F0-FC density. Visibly fine.
Phe 553 Immediately adjacent to flexible

region
Glu 258 Fits 2Fo-Fc density and visibly fine

Hnl08 B

Ala 271 Fits 2Fo-Fc density. Visibly fine.
lie 127 At amino terminus of protein

fragment in flexible end region.
Val 302 Fits 2Fo-Fc density. Visibly fine.
Asn 341 Poorly defined 2F0-FC density

within flexible loop region.

BCX2855 A
lie 127 Poorly defined region at extreme N

terminus. Highly flexible.
Phe 156 Fits 2F0-FC density. Visibly fine.
Tyr 526 Fits 2Fo-Fc density. Visibly fine.
Val 302 Fits 2Fo-Fc density. Visibly fine.
His 199 Poorly defined region within

contorted loop region.
BCX2855 B

lie 127 Poorly defined region at extreme N
terminus. Highly flexible.

Val 302 Fits 2Fo-Fc density. Visibly fine.
Ser 200 Poorly defined region within

contorted loop region.
Table 5.9 Disallowed residues and interpretation of their allocation.

Where residues were correctly positioned as indicated by the 2F0-FC electron

density map and by visual inspection it was surmised that the medium resolution
of the two protein structures (2.5 A and 2.8 A) was affecting the accuracy of the
Ramachandran plot.
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ProCheck also revealed each model to have good stereochemistry for the main
and side chains, with parameter values better than or equivalent to standardised
values (see Figure 5.10 and Figure 5.11). To ensure that this was not an artefact
of over-restraining during refinement, the effects of the restraints upon the
r.m.s.d values (bond angles and length) was determined using the programme

WHATIF (Table 5.8). In both complexes the values were significantly close to

the ideals.
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Figure 5.10 Main and side-chain parameters for the HN-Hnl08 complex, chain A and chain
B.
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Finally, visual inspection of the electron density around the protein backbone and

ligand indicated that the position of side chains and inhibitor had been accurately

assigned.

Figure 5.12 shows the quality of the electron density map around the Fin 108 and
BCX2855 ligand following refinement.

Figure 5.12 Electron density (2F0-FC map) of the A: Hnl08 and B: BCX2855 ligands bound
at the active site of NDV HN following refinement. Maps were contoured at a o-level of 1.

5.3.4 Overall structure
The structure of NDV HN has been extensively described in both the apo- and

ligand-bound forms (117). For both inhibitor complexes discussed within this
thesis the overall structure was almost identical to the Neu5Ac2en-bound

structure with the majority of side chain adjustments required in the flexible loop

regions of the protein. Significant differences were also found in the positioning
of the conserved active site residues and are described in-detail below. Each

polypeptide chain was folded into a (3-sheet propeller motif comprising six, four-

stranded antiparallel (3-strands connected by reverse turns and joined by a

connection between the outside strand of each sheet to the inside strand of the

following sheet. Prominent features of the structure included a calcium ion
coordinated by Asp 261 and Ser 264 and carbohydrate moieties at residue 481.
The dimers were associated as in the apoprotein orthorhombic form, grown at pH
4.5 (section 1.4.2.2.3).
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5.3.5 Binding of Neu5Ac2en at the NDV HN catalytic site
The catalytic site of NDV HN was initially visualised by co-crystallising the

protein with its in vivo sialic acid substrate (117). Surprisingly, solution of the
structure revealed the inhibitor Neu5Ac2en bound in the active site, suggesting
that like the neuraminidase (NA) enzyme of influenza, HN can synthesise its
own inhibitor (150). The active site was further probed by detailed mutation

analysis. The majority of single amino acid substitutions abolished or

significantly decreased the NA activity of the protein with effects on receptor

binding being more variable (159).

This initial structure was also used for the accumulation of information that

would lead to the synthesis of a number of potent anti-paramyxovirus inhibitors.

Inspection of the interactions between the defining groups of the sialic acid
derivative and residues of NDV HN showed remarkable similarity to other
Neu5Ac2en-neuraminidase complexes. The carboxyl, hydroxyl and N-acetyl

groups were anchored by hydrogen bonds to the conserved active site residues

(section 1.4.2.3.1). The 04 hydroxyl of the inhibitor made no interaction with the

protein and pointed into a large cavity lined with a series of hydrogen-bonded
residues. In comparison with other NA proteins, this large acidic cavity was

unique to the NDV HN active site but was later observed in the hPIV3 and SV5
HN proteins (136) (Lamb, 2004, unpublished data). This discovery led to the

synthesis of inhibitors with bulky substituents designed to fill the cavity, mediate
additional interactions and increase the affinity of the molecule for the HN

catalytic site.

In addition, comparison of the apo- and ligand-bound NDV HN pockets revealed

significant conformational changes in the active site occurring upon Neu5Ac2en

binding (117). In the inhibitor-bound protein, Arg 174 was stabilised by Glu 547
to allow its interaction with the carboxyl group of Neu5Ac2en. In the apoprotein,
the residue was no longer supported and rotated by 90 ° to a position within the

large acidic cavity. In this new position, Arg 174 participated in the hydrogen
bond network formed by the invariant residues of the active site cavity. To
accommodate the movement of Arg 174, the conserved residue Lys 236 was

observed to move out of the cavity. When bound to Neu5Ac2en, Tyr 526 was
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positioned with its hydroxyl group close to the inhibitor C1-C2 bond and

participated in hydrogen bonds with Glu 401. In this position, it was

hypothesised that Tyr 526 could stabilise the cationic transition state intermediate

produced during the NA pathway (150). In the apostructure Tyr 526 moved away

from the catalytic position. This movement was allowed due to the rotation of lie

275 around its Ca-CP bond (Figure 5.13). Crennell et al proposed that the

catalytic activities of the HN protein were regulated by the substantial
conformational changes occurring in the substrate-binding pocket. The group

proposed that the repositioning of Tyr 526 and Arg 174 to locations not

amenable to substrate binding switched the active site 'off. In the converse

situation when Glu 547 is stabilising Arg 174 and Tyr 526 is close to the
inhibitor C1-C2 bond, the enzyme is primed for hydrolysis and the active site is
'on'.
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Figure 5.13 Comparison of the active site of NDV HN in the 'on' and 'ofF conformations. In
Panel A the inhibitor Neu5Ac2en is anchored by hydrogen bonding to the carboxylate,
hydroxyl and N-acetyl constituent groups. Panel B shows the same active site in the ligand-
free crystal structure (from (117)).

Finally, the NDV HN structure was used to investigate the positioning of an

aspartic residue, widely believed to be critical in the hydrolysis of the sialic acid
substrate in NA enzymes. Asp 198 is the proposed equivalent of a catalytic

aspartic acid conserved amongst the influenza (e.g. Asp 148) and bacterial
neuraminidases (137). For these neuraminidases, substrate recognition and

binding is followed by hydrolysis of the glycosidic bond anchoring the terminal
sialic acid to its adjacent carbohydrate moiety on the surface of the target cell.
One proposed reaction mechanism suggests that the conserved Asp residue,

acting via a water molecule, is involved in the hydrolytic process (150). This

hypothesis was formulated following the determination of other NA-inhibitor
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complexes showing the equivalent aspartic acid sitting on a well-ordered loop
close to the sugar ring. However, in NDV HN and hPIV3 (Asp 216) complexes
the residue does not sit in the expected position although mutation studies show
it to be an essential component of the NA process (160). Instead, Asp 198 sits on

a flexible loop pointing away from the active site.

5.3.5.1 Binding of Neu5Ac2en analogues, Hnl08 and BCX2855 to the NDV
HN active site

Visualisation of interactions occurring between HN or NA proteins and inhibitor

compounds, coupled to computer-assisted, molecular modelling has proved
successful in the design and synthesis of a number of potent anti-viral inhibitors

(e.g. Relenza) (337). These drugs have been used in the prophylaxis and
treatment of influenza A virus infections. However, the search for novel and

effective therapeutic agents against viruses of the Paramyxoviridae is a continual

process. Inhibitors targeted against the HN protein must block cell attachment,
fusion promotion and NA activities to prevent both viral spread and infection.

As mentioned previously (section 1.4.2.2), the conservation of residues in the
HN active site has permitted the NDV HN structure to be used as a model for the
structure-based design of potential inhibitors. Hnl08, Hnau39 and BCX2855 are

all products of this approach being synthetic analogues of Neu5Ac2en. The
structure of the Neu5Ac2en-HN complex revealed a large cavity around the C4

position of the inhibitor with no protein-ligand interactions mediated via this

group. In Hnl08, Hnau39 and BCX2855, the hydroxyl group at the four position
has been replaced by a bulkier substituent designed to fill the cavity and

participate in additional interactions with the HN protein (Aryl groups - Hnl08
and Hnau39 and an azido group - BCX2855). For BCX2855, the methyl group

of the acetamide moiety (C5 position) has also been replaced with substitution of
a bulkier and more hydrophobic isopropyl group. It was anticipated that

increasing the number of protein-ligand interactions would result in a tighter

affinity for the active site. The anticipated improvement in the inhibition potency

of all three has been validated by in vivo and in vitro studies. Therefore, this

rational, structure-based design strategy has proven highly successful.

180



Hnl08 and Hnau39 are moderate inhibitors of the HN activities of the protein,
with inhibition constants (IC50) of > 10 pM (concentration required to reduce
virus activity to 50 % of that of a control) (von Itzstein, 2003, personal

communication). BCX2855 is a potent inhibitor of hPIV NA activity with IC50

values of 1.2-4.3 pM. It is also effective against the HA activity (IC50 2.0-6.0

pM) and replication activity (IC50 1.8-11.5 pM) of the parainfluenza viruses

(396). By comparison, the synthetic derivative Neu5Ac2en inhibits bacterial,
viral and mammalian sialidases with ICso's in the range of 10"5 M (397).

Examination of the crystal structures of Hnl08 and BCX2855 complexed with
NDV HN and the supplementary interactions made by the substituted C4 and C5

groups are described below.

5.3.5.1.1 Binding of Hnl08 to NDV HN
The resolution of the Hnl08-HN structure revealed the ligand to be present at the
active site of chain A but not chain B. All substituents at the sugar ring were

exposed to the solvent and contributed to the interaction with the protein. Table
5.10 lists the interactions between Hnl08 and binding site residues. These are

also demonstrated in Figure 5.14.
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Hydrogen bonding Non-bonding interactions
Hn 108 atom NDV HN Distance (A) Hnl08 atom NDV HN Distance (A)

atom atom

Carboxylate group
Ol A Arg 174-N112 2.64 CI Arg 498 N11' 3.41

OIB Arg 416 Nn2 3.36 CI Arg 498 N^2 3.36

Ol A Arg 498 N11' 2.70 CI Tyr 526 O11 3.43

Ol A Arg 498 Nn2 3.39 Ol A Arg 498 Cc 3.48

OIB Arg 498 Nnl 3.26 Ol A Tyr 526 C1' 3.33

OIB Arg498 Nn2 2.58 OIB Arg 498 C? 3.28

N-acetyl group
N Ser 237 0Y 3.09 C10 Gin 258 On2 3.55

via H20 2.77

N Tyr 317 On 2.60 O10 Glu 258 C8 3.16

via H-.0 2.77

N Glu 401 On2 2.76 O10 Lys 236 Cn 3.56

via H20 2.77

Cll Tyr 299 C82 3.55

Cll Tyr 299 C'2 3.58

Hydroxyl group
08 Arg 416 N11' 3.29 C7 Glu 258 O112 3.17
08 Tyr317 On 3.07 07 Glu 258 C8 3.04
09 Glu 258 On2 2.86 C9 Glu 258 On2 3.57

07 Glu 258 Onl 2.50 09 Thy 317 C112 3.37

Ol Glu 258 O112 2.88

09 Tyr 262 O11 3.40

08 Ser 418 Oy 2.30
via H20 2.86

Substituted aryl group
C12 lie 175 CYl 3.42

C12 He 175 C81 3.20

C14 lie 175 C81 3.34
C16 Cys I96 0 3.30
C16 Asp 198 Ca 3.43

C16 Asp 198 N 3.32
C17 Arg 174 N11 3.57

C17 Asp 198 Cp 3.56

C17 Asp 198 N 3.43

Table 5.10 Interactions of Hnl08 and NDV HN including interactions between water
molecules trapped in the active site and coordinated by both protein and ligand.
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Figure 5.14 Catalytic site of chain A of HN protein bound to Hnl08. The residues are
positioned in the proposed active or 'switched on' state of the protein (section 5.3.5).

The carboxylate group of Hnl08 was anchored by multiple hydrogen bonds to

the triarginyl cluster (Arg 416, 498 and 174). The capability of Arg 174 to

participate in the arginine triad implied that the enzyme active site was in the
activated or 'on' state. Arg 174 was further stabilised by interactions with Glu
547 (Glu 547 Onl to Arg 174 N£ (3.13 A) and Glu 547 On2 to Arg N11 (3.11 A)).
The strong interactions between the carboxylate of the inhibitor and the

guanidinium groups of the three-arginine residues induced a distortion in the

sugar ring of Hnl08. This conformational change is purported to be the initial

stage in formation of the transition intermediate in the NA reaction pathway

(150,398).

When superimposed onto the Neu5Ac2en-HN structure, Tyr 526 was positioned
in the catalytic orientation with its hydroxyl group close to the C1-C2 bond of
Hnl08. Lys 236 was also in the 'active'-state position i.e. swung into the cavity

previously occupied by Arg 174. lie 175 could not be superimposed on its

counterpart residue in either the Neu5Ac2en-HN or apoprotein structures perhaps
due to a non-bonding interaction occurring between the lie residue and the
aromatic ring. Inspection of the refined electron-density around the protein
backbone implied this to be the correct location for the isoleucine amino acid in
the Hnl08-HN complex.
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The amido N of the N-acetyl group interacted with Ser 237, Tyr 317 and Glu 401
via a water molecule in a manner similar to that described for the Neu5Ac2en-

HN complex. The glycerol group formed hydrogen bonds with Tyr 317, Glu 258
and Tyr 262 and interacted with Ser 418 via a water molecule. An additional
interaction between Arg 416 and the hydroxyl group at position C8 was also
seen.

The benzyl ring at the C4 position precisely bisected the active site between
amino acids Arg 174 and Asp 198. A weak interaction occurred between Arg 174

N11' and Hnl08 CI8 (3.32 A). The weak repulsion, coupled to the strong

attraction forces provided by Glu 547 were sufficient to move the amino acid
into the triarginyl position. The 2F0-FC density surrounding the potential proton-

donating Asp 198 was poor, as expected for a flexible loop region. On initial

inspection Asp 198 appeared to be pointing away from the active site as

described by Crennell et al (117). By decreasing the a level of the Fo-Fc map

(normally contoured at 2.5) to a value of 2.0 a potential rotation of the residue
into the active site and an interaction with the substituted benzene ring was

revealed (Figure 5.15). However, even in the original orientation, a number of

non-bonding interactions between the acidic residue and aromatic ring structure

of the inhibitor were defined by CONTACT.
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Figure 5.15 Elucidating the position of Asp 198. Panel A shows the electron density
contoured around the residue at 2.5 a. Asp 198 is pointing away from the active site in
agreement with the hPIV3 and Neu5Ac2en-HN structures (136) (117). Panel B shows the
additional density revealed by decreasing the a level to a value of 2.0. At this level, the
density suggests that Asp 198 would point into the active site to form additional interactions
with the aryl group of the inhibitor. (For clarity the electron density around the inhibitor
molecule has not been included)

5.3.5.1.1.1 Conclusions for Hnl08 binding
Substitution of a benzene ring at the C4 position has allowed the ligand to

participate in additional interactions at the catalytic site. However, these
interactions appear to be relatively minor compared to the strong bonding

patterns observed at the three conserved constituent groups. Nevertheless, each
interaction affects a residue whose positioning is important in the conformational
transition of the HN protein (lie 175, Arg 174 and Asp 198).
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Another interesting observation, arising from the soaking of HN crystals with
Hnl08 was the difference seen in ligand binding at the active sites in chain A and
chain B. The electron density maps in the catalytic pocket of chain A showed
additional density sufficient for accurate ligand modelling. However, the density

(F0-Fc) in binding site B was less conclusive and insufficient for accurate

placement of the Hnl08 molecule.

The difference in binding at the two active sites is possibly an artefact of the

crystallisation of HN (i.e. crystal packing) and/or the asymmetric association of
the protein dimer. The added steric bulk of the compound may further influence
its ability to access the site in chain B. This would result in only a fraction of all
dimers in the crystal being bound to Hnl08 at both sites. In addition, the
truncated HN protein retains biological activity in the crystalline form with the

catalytic pocket capable of continuous substrate binding and release (144). Our
model may represent NDV HN in an intermediate stage of protein action i.e.
Hnl08 tightly bound in chain A and being released from chain B, with a

concerted action of the two binding sites being a component of substrate binding
and NA activity.

5.3.5.1.2 Binding of BCX2855 at the NDV HN active site
Inspection of the active sites of the HN dimer revealed BCX2855 to be bound in
both locations. Following refinement of the protein structures, it became apparent

that the active site residues in chain A and chain B coordinated the ligand in a

different manner. In chain A the binding site was in the activated state and in
chain B, the invariant residues were positioned out of their catalytic positions.

5.3.5.1.2.1 Binding in chain A
In chain A binding of BCX2855 induced the catalytic site into the switched-on

position. The interactions between the inhibitor and HN are detailed below

(Table 5.11) and shown in Figure 5.16.
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Hydrogen bonding Non-bonding interactions
BCX2855 NDV HN Distance (A) BCX2855 NDV HN Distance (A)

atom atom atom atom

2-carboxylate group
OIB Arg 416 N11' 3.34 OlA Tyr 526 C12 3.16
OIB Arg 498 Nnl 3.05 OlA Tyr 526 Cc 3.58
OIB Arg 498 N112 2.49 OIB Arg 498 Cc 3.17
OlA Arg 498 Nnl 2.90 CI Tyr 526 C112 3.46
OlA Arg 174 Nnl 3.43 CI Tyr 526 On 3.09
OlA Arg 174 N112 2.80 CI Arg 498 N11' 3.39

CI Arg 498 Nn2 3.54

N-acetyl group (+ substituted isopropyl group)
N5 Ser 237 Oy 2.74 OlO Glu 258 O111 3.55

via H20 3.17
N5 Tyr 317 O^ 2.66 C10 Tyr 299 C"2 3.30

via H20 3.17
N5 Glu 401 O112 2.79

via HzO 3.17

Hydroxyl group
07 Glu 258 On2 2.56 07 Glu 258 C8 2.80
07 Glu 258 O11' 2.40 C8 Tyr 317 O11 3.15
08 Arg 416 N"1' 2.73 08 Arg 416 C; 3.07
08 Arg 416 N112 3.42
09 Tyr317 On 2.66

via H20 2.86

09 Tyr 262 O11 2.98

via H20 2.86
08 Ser 418 Oy 2.53

via H-,0 2.91

Substituted group at C4 position
N4 Asp 198 O82 3.47* s lie 175 C81 3.11

C14 lie 175 Cfil 3.58

CIA Arg 174 CY 3.60
CIA Arg 174 C? 3.28
CIA Arg 174 N*12 3.31
CIA Arg 174 N11 3.43

C1B Asn 190 O81 3.51

C1B He 175C81 3.22

C1B Asp 198 O 3.57

Table 5.11 Interactions occurring between BCX2855 and NDV HN (chain A) including
interactions between water molecules trapped in the active site coordinated by the protein
and ligand (* falls outside standard hydrogen bond length but due to low level of resolution
(2.5 A) this interaction is a potential hydrogen bond).
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Arg 416

Arg 498

Figure 5.16 Representation of the active site of chain A coordinating the inhibitor
BCX2855. The invariant residue Arg 174 is participating in the binding of the carboxylate
moiety of the ligand and the active site is primed for catalysis.

Consistent with the binding of Neu5Ac2en and Hnl08, the residues in chain A
bound to BCX2855 priming the site for catalysis. The trio of invariant arginine
residues coordinated the carboxylate group via multiple hydrogen bonds, with

Arg 174 being supported in this position via an interaction with Glu 547.
Additional electrostatic interactions also occurred between a chlorine atom on the

substituted group (C4 position) and Arg 174 to promote the conformational

change. The interaction of the arginine triad and the other anchoring residues was

sufficient to contort the sugar ring of the inhibitor into a flattened chair
conformation.

In this structure, tyrosine 526 interacted with the inhibitor in the region of the
C1-C2 bond as expected for a primed active site. By superimposing the
BCX2855 and Neu5Ac2en-HN structures we were also able to check the

positions of lie 175 and Lys 236. In the BCX2855-HN model both residues adopt

catalytic positions in chain A. In the Neu5Ac2en-HN structure, the repositioning
of lie 175 and Lys 236 are concerted movements occurring in tandem with the

participation of Arg 174 in the Arg triad. Modelling BCX2855 into the active
site, suggests additional interactions between He 175 and the sulphur and
chlorine atoms within the azido group promoting the rotation of He 175 about the

Coc-C|3 bond.
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The interactions of the inhibitor at the modified N-acetyl group were identical to

those described for the Neu5Ac2en-HN structure (117). As predicted from the
Neu5Ac2en complex, a water molecule coordinated by Ser 237, Tyr 317 and Glu
401 creates a bridge between the residues and the nitrogen atom of the acetamide

group. No additional contacts were made with HN around the modified methyl

group of the inhibitor. In the Neu5Ac2en-HN structure, all three hydroxyls of the
inhibitor glycerol group participated in direct interactions with residues of the
active site. In BCX2855-HN chain A, only Glu 258 was capable of direct
interaction with the hydroxyl group. Ser 418 was observed to interact via a

water-mediated hydrogen bond. Additional water molecules were required to

coordinate the interactions between the Tyr 317 and Tyr 262 residues. Arg 416,
an invariant member of the triarginyl cluster, was observed to form additional

hydrogen bonds with the glycerol group.

Supplementary to its interaction with Arg 174 and He 175, the bulky C4 group

participated in electrostatic interactions with Asn 190 and Asp 198. In the
inactivated state, Asn 190 acts as a link residue allowing Arg 174 to participate
in the hydrogen bond network that forms the cavity around the C4 group. The
additional steric bulk of BCX2855 effectively prevented this interaction. As
observed in the Neu5Ac2en-HN and Hnl08-HN structures, the electron density
around the 'protonating' Asp 198 residue is typical of a highly flexible loop

region. However, by adjusting the protein side chain to sit within the 2F0-FC

density, our refined model suggested the formation of an electrostatic bond
between the terminal oxygen of Asp 198 and the chlorine atom of the substituted

group. This interaction would anchor the residue into the catalytic position i.e.

pointing into the active site.

5.3.5.1.2.2 Binding in chain B
A number of significant differences were observed in the binding of BXC2855 at

the active site in chain B. Following refinement and analysis of contacting
residues it was determined that the catalytic site was in the inactive conformation

(Table 5.12 and Figure 5.17).
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Hydrogen bonding Non-bonding interactions
BCX2855 NDV HN Distance (A) BCX2855 NDV HN Distance (A)

atom atom atom atom

2-carboxylate group
OIB Arg 416 N11' 3.36 OIB Arg 498 Cc 3.35
OIB Arg416NTl2 2.94 C1B Arg 416 C; 3.57
01A Arg 498 N111 2.75 OlA Arg 498 C^ 3.34
OlA Arg 498 N112 3.09 CI Arg 416 Nnl 3.60
OIB Arg 498 Nn2 2.38 CI Arg 498 N11' 3.58

CI Arg 498 Nn2 3.13

N-acetyl group (+ substituted isopropyl group)
N5 Ser 237 Oy 3.39 C10 Ser 237 Cp 3.21

via H20 2.81

N5 Tyr 317 O11 2.04

via H20 2.81
N5 Ulu 401 O112 2.87

via H20 2.81
010 Glu 258 Onl 3.53*

Hydroxyl group
07 Tyr 317 On 2.54 C7 Glu 258 O* 3.55

07 Glu 258 O^2 2.70 C9 Tyr 317 O11 3.16
07 Ser 237 Oy 3.39 C9 Glu 401 CY 3.39

via H^O 3.28
09 Ser418Oy 2.85

Substituted group at C4 position
CIA Asp 198 O81 3.05

C1B Arg 174 N11 3.20
C1B Arg 174 Cc 3.08

C1B Arg 174 Nnl 2.94

C1B Arg 174 C8 3.24
C1B He 175 CYl 3.21

CIA Glu 547 On2 3.09

via H20 2.57

Table 5.12 Hydrogen bonds occurring between BCX2855 and NDV HN (chain B) including
interactions between water molecules trapped in the active site coordinated by the protein
and ligand (* falls outside standard hydrogen bond length but due to low level of resolution
(2.5 A) this interaction is a potential hydrogen bond).
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Figure 5.17 Schematic diagram of the active site, chain B of NDV HN bound to BCX2855.
The conserved residues are positioned in the proposed inactive-enzyme state.

In the active site of chain B, the inhibitor carboxylate group is only coordinated

by two of the three conserved arginine residues (Arg 416 and Arg 498). Arg 174
no longer forms hydrogen bonds with the stabilising glutamic acid residue at

position 547 and is swung round to point into the acidic cavity. Electrostatic
interactions between the chlorine atoms of BCX2855 and Arg 174, coupled to

the steric-bulk effect of the C4 substituent are sufficient to induce the

conformational change. Glu 547 is distanced from the interior of the active site

by the presence of an additional water molecule bridging the residue to the

chlorine-containing inhibitor group.

As described in the Neu5Ac2en structure, a movement of Tyr 526 accompanies

ligand binding. In inhibitor-HN complexes Tyr 526 sits with its hydroxyl group

close to the C1-C2 bond of the inhibitor, whilst in the apoprotein Tyr 526 moves

out of this position (117). We were unable to superimpose Tyr 526 of the ligand-
free model onto the BCX2855-HN structure. The distance between the hydroxyl
of Tyr 526 and the C1-C2 bond of the inhibitor ranges from 3.04 A (BCX2855,
chain A) to 3.81 A (Neu5Ac2en). In chain B the hydroxyl group lies at a distance
of 3.65 A from the ligand bond. Hence Tyr 526 is still located in the catalytic

position even though the binding site has adopted the inactive conformation.
Also contributing to the repositioning of Tyr 526 is the movement of lie 175.
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However, in chain B, an additional electrostatic interaction between a chlorine

atom at the C4 position of the inhibitor and lie 175 occurs. lie 175 is only

slightly shifted from its position compared to the Hnl08 and Neu5Ac2en-HN

complexes and is not fully rotated away from the ligand. Therefore, the non-

bonding interaction occurring between the ligand and He 175 must be sufficient
to restrict the movement of the residue, in turn preventing the displacement of

Tyr 526 from its catalytic position.

In the transition of the enzyme to its inactivated conformation, Lys 236 moves

into the active site to fill the cavity previously occupied by Arg 174. By doing so

the charge balance at the catalytic site is retained. However, the presence of the
inhibitor physically blocks Lys 236 from assuming its normal position due to the
bulkiness of the C4 substituted group. Hence, in the BCX2855-HN complex, Lys
236 does not sit in the classical position as defined by the apoprotein structure.

In the BCX2855 structure the N-acetyl substituent at C5 of the sugar ring forms

hydrogen bonds with Ser 237, Tyr 317 and Glu 401. The carbonyl oxygen

participated in an additional interaction with Glu 258, a residue more commonly
associated with the binding of the hydroxyl group. Interestingly, subtle variations
were detected in the interactions of the HN protein with the inhibitor glycerol

group. Unlike other NA-inhibitor complexes, which normally involve one or two

of the inhibitor hydroxyls, NDV HN exhibits extensive interaction with all three

hydroxyl groups. In HN these direct interactions are thought to be a key
determinant in substrate recognition. In chain B, the binding of BCX2855 is
mediated by 07 and 09 only, weakening the overall anchoring effect. The water

molecule located in other HN-complexes to bridge Tyr 262 to 08 was not

present in the active site.

In addition to its interplay with Glu 547, Arg 174 and He 175, our model

suggested that the substituted C4 group made a direct interaction with Asp 198.
As a result, Asp 198 pointed into the active site; an orientation appropriate to a

role in substrate hydrolysis (150). However, as with all other NDV HN

structures, the electron density map around this flexible region of the polypeptide
chain is of reduced quality.
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5.3.5.1.2.3 Conclusions for BCX2855 binding
The addition of a dichloromethanesulfonylamino group to the sugar ring of the
inhibitor has created the opportunity for a series of electrostatic interactions
between the ligand and protein. Furthermore, the steric bulk introduced by the

substituent significantly influences the positioning of the invariant active site
residues. The most striking feature of BCX2855 interaction is the difference with
which binding occurs in the primary active sites of each monomer; a situation
unlike the symmetrical binding arrangement of Neu5Ac2en, with each monomer

coordinating the inhibitor in an identical fashion. Unfortunately, the relevance of
BCX2855 asymmetric binding cannot be absolutely explained by

crystallography. BCX2855 and Neu5Ac2en differ subtly in their binding of NDV
HN. These apparently minor differences may be the key to the differential

binding of BCX2855 within the protein dimer. One possible explanation is that
the binding of the ligand in chain A causes a conformational change that triggers
a subsequent alteration in the active site of chain B. This hypothesis would be
reliant on the sequential binding of BCX2855 to chain A and chain B, as the
converse situation (on in chain B/off in chain A) was not observed. Initial

binding at chain A is consistent with the asymmetrical arrangement of the protein
dimer. Furthermore, the crystal structure of the Hnl08-HN complex showed

binding only at site A. It might be argued therefore, that the additional steric bulk
of the Neu5Ac2en derivatives adversely affect inhibitor ability to access the site
within chain B.

5.3.5.2 Conclusions

Crystallographic models of ligand-protein complexes offer a wealth of

qualitative information about the interaction of the compound at the molecular
level. Indeed, cocrystallisation of NDV HN with its sialic acid substrate was

essential for initial determination of the enzyme active site (117).

Examination and comparison of HN-inhibitor and NA-inhibitor complexes has
facilitated the definition of the substrate-recognition capabilities of the enzymes.

In NDV HN complexes the carboxylate, hydroxyl and N-acetyl groups, common

constituents of Neu5Ac2en analogues, are all anchored by similar hydrogen-

bonding interactions. Studying the pattern of binding has led to an understanding
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of the inhibition ability of each novel compound. In vivo, HN is inhibited by the

binding of Neu5Ac2en to the active site, preventing its interaction with the sialic
acid substrate. Hnl08 and BCX2855 are both better in vivo and in vitro inhibitors

compared to Neu5Ac2en. Our structure reveals that despite the limited access of
Hnl08 to chain B the compound still exhibits a higher affinity for HN. This
effect is likely to be a result of the additional interactions at the C4 position.
BCX2855 has the lowest IC50 value compared to Hnl08 and Hnau39. This may

be due to the combined effect of additional, C4 substituent-mediated interactions

and its presence at both sites.

The plasticity of the active site and the conformational changes induced by

ligand binding highlight features of the protein's catalytic action. The variable

positioning of the 'catalytic' Asp 198 in our ligand structure is of great interest.
In other NA enzymes the residue is fixed in position and acts as an acid-base

catalyst during hydrolysis of the sialic acid substrate. Our structures intimate that
additional conformational distortions, unique to HN, are necessary for Asp 198
to act in this capacity. With respect to other aspects of the NA reaction

mechanism, our structures fully support the distortion of the ring occurring in the
initial stages of substrate binding prior to formation of the oxocarbonium
transition intermediate (145, 150, 398). In all complexes, the sugar ring of the
inhibitor was distorted into a half-chair conformation.

The structures described within this chapter can be used to rationalise the
differences in inhibitor potency by providing a deeper understanding of the viral

system. The additional interactions mediated by the aryl and azido groups

provide the basis for development of further novel compounds. This cyclic

improvement of lead structures is the fundamental process behind rational drug

design.
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6 Chapter 6
6.1 Experimental Appendix

6.1.1 Buffers and solutions

6.1.1.1 Molecular biology buffers

PfU polymerase dNTP mixture TAE Buffer Gel loading
reaction Buffer solution (DNA)
20 mM Tris-HCl pH 10 mM each of: 40 mM Tris acetate 0.05 % w/v
8.8 dATP 1 mM EDTA bromophenol blue
10 mM KC1 dCTP 40 % w/v sucrose

10 mM (NH4)2S04, dGTP 0.1 M EDTA pH 8
2 mM MgS04 dTTP 0.5 % v/v SDS
0.1% v/v Triton X- Dissolved in
100 distilled H20
0.1 mg/ml BSA

Buffer H T4 DNA ligase NEBuffer EcoR I Buffer D

(Promega) buffer (Promega)
90mM Tris-HCl pH 50 mM Tris-HCl pH 50 mM NaCl 60 mM Tris-HCl pH
7.5 7.5 100 mM Tris-HCl pH 7.9
50 mM NaCl 10 mM MgCl2 7.5 6 mM MgCl2
10 mM MgCl2 10 mM DTT 10 mM MgCl2 150 mM NaCl

1 mM ATP 0.025 % Triton X-100 1 mM DTT

25 pg/ml BSA

NEBuffer 2 NEBuffer 4 NEBuffer 1
50 mM NaCl 50 mM potassium 10 mM Bis Tris
10 mM Tris-HCl pH acetate Propane-HCl pH 7.0
7.9 20 mM Tris-acetate 10 mM MgCl2
10 mM MgCl2 pH 7.9 1 mM DTT
1 mM DTT 10 mM magnesium-

acetate

1 mM DTT
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6.1.1.2 Protein expression and purification buffers

Luria Broth Sample buffer PBS Laemmli buffer
10 g tryptone 0.3 M NaCl 137 mM NaCl 4 % v/v SDS
5 g yeast extract 10 mM Imidazole 2.7 mM KC1 20 % v/v glycerol
lOgNaCl 1 mM PMSF 10 mM Na2HP04 10 % v/v (3-
per litre of medium 1 Protease inhibitor 2 mM KH2P04 mercaptoethanol

tablet per 50 ml 0.004 % w/v
(Roche) bromophenol blue
1 mM DTT 0.125 M Tris-HCl
1 X PBS pH 7.4

MES running Western PBST(M) Ni-NTA wash
buffer transfer buffer buffer
50 mM MES 12 mM Tris-HCl pH 0.05 % v/v Tween-20 30 mM NaCl
50 mM Tris-base 8.5 1 X PBS pH 7.4 30 mM Imidazole
0.1 % v/v SDS 96 mM glycine (5 % w/v milk 1 X PBS pH 7.4
0.1 mM EDTA 20 % methanol powder)

Imidazole elution TEV cleavage Trypsin digest Amido Black
buffer buffer buffer
30 mM NaCl 50 mM Tris-HCl pH 50 mM Tris-HCl pH 40 % v/v methanol
250 mM Imidazole 7.5 8.0 1 % v/v acetic acid
1 X PBS pH 7.4 0.3 M NaCl 20 mM CaCl2 0.1 % w/v amido

0.5 inM EDTA black
1 mM DTT
20 mM Imidazole

Tris-glycine native Tris-glycine Coomassie blue Trypsin digest
running buffer native gel stain dialysis buffer

sample buffer
25 mM Tris-base pH 0.5 M Tris-HCl pH 0.1 % w/v Coomassie 300 mM NaCl
8.5 8.8 blue 50 mM Imidazole
192 mM glycine 0.1 % w/v 40 % v/v methanol 20 mM Tris pH 8.0

bromophenol blue 10 % v/v glacial 1 mM CaCl2
20 % v/v glycerol acetic acid

MBP buffer Thrombin Cross-linking BUNN

cleavage buffer buffer sonication buffer
50 mM Tris-HCl pH 200 mM Tris-HCl 10 mM potassium 50 mM sodium
7.5 pH 8.4 phosphate pH 8.5 phosphate pH 7.5
0.3 M NaCl 1.5 M NaCl 400 mM NaCl 300 mM NaCl
0.1 M EDTA 25 mM CaCl2 100 mM DTT
1 mM DTT
10 mM maltose

BUN N wash BUN N cation BUN N storage TE buffer
buffer exchange buffer buffer
50 mM sodium 50 mM Tris-HCl pH 10 mM Tris pH 8.0 100 mM Tris-HCl pH
phosphate pH 7.5 7.0 10 mM NaCl 7.5

300 mM NaCl 20 mM NaCl 10 mM EDTA pH 8.0
10 % v/v glycerol
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DNBuffer A DNBuffer B DNBuffer C DNBuffer D
100 mM sodium 100 mM sodium 100 mM sodium 100 mM sodium

phosphate pH 8.0 phosphate pH 6.3 phosphate pH 5.9 phosphate pH 4.5
10 mM Tris-HCl 10 mM Tris-HCl 10 mM Tris-HCl 10 mM Tris-HCl
6 M urea 6 M urea 2 M urea 2 M urea

DNBuffer E TEB YPD Low Salt LB
50 mM sodium 100 mM Tris-HCl 1 % w/v yeast extract 1 % w/v tryptone
phosphate pH 7.5 10 mM EDTApH 2 % w/v peptone 0.5 % w/v yeast
300 mM NaCl 7.5 2 % w/v glucose extract

20 % v/v glycerol per litre of medium 0.5 % w/v NaCl pH
2 mM MgCl2 7.0

per litre of medium

YPDS MDH MMH BMGY
1 % w/v yeast extract 1.34% w/v YNB 1.34% w/v YNB 1 % w/v yeast extract
2 % w/v peptone 4x 10"5 % w/v biotin 4x10"5 % w/v biotin 2 % w/v peptone
2 % w/v glucose 2 % w/v dextrose 0.5 % v/v methanol 100 mM potassium
0.1 mM sorbitol 0.4 % w/v histidine 0.4 % w/v histidine phosphate pH 6.0

34 % w/v YNB
4 xlO"5 % w/v biotin
1 % v/v glycerol

BMMY Breaking buffer YNB Basal salts
medium

1 % w/v yeast extract 50 mM sodium 13.4% w/v YNB 2.3 % v/v H3P04
2 % w/v peptone phosphate pH 7.4 without amino acids 0.93 g CaS04«2H20
100 mM potassium 1 mM PMSF and with ammonium 18.2 g K2S04
phosphate pH 6.0 1 mM EDTA sulphate 14.9 g MgS04«7H20
34 % w/v YNB 5 % v/v glycerol Water to 1 litre 4.13 gKOH
4 xl0"5 % w/v biotin 40 g glycerol
0.5 % v/v methanol per litre

PTM1
6.0 g CuS04*5H20
0.8 g K.I
3.0 g MnS04*H20
0.2 g Na2Mo04«2H20
0.2 g h3bo3
0.5 g CaS04»2H20
20 g ZnCl2
65 g FeS04»7H20
0.2 g biotin
5 ml concentrated

h2so4
per litre ot medium

6.1.2 Molecular Biology techniques

6.1.2.1 PCR Amplification of DNA
PCR amplification was carried out in thin-walled eppendorfs in a thermal cycler

(Gene Amp PCR system 2400). Primers were designed to anneal to the 3' and 5'
ends of a specific DNA sequence and encoded appropriate restriction enzyme
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sites for ligation into the target vector. Primers at a concentration of 5 or 25 |iM

were added to tubes containing 0.5 fig template DNA, 2 mM dNTP mixture

(Bioline), 5 fil PCR buffer, 2 units Pfu DNA Polymerase (Promega) and

nuclease-free water to a final volume of 50 jllL The reactions were gently
vortexed and transferred to a PCR machine where they were subjected to the

cycling profile detailed in Table 6.1.

Temperature Time Number of cycles
Initial 95 °C 30 seconds 1 cycle
denaturation

Denaturation 95 °C 30 seconds

Annealing* 48-55 °C 1 minute 30 cycles
Extension 72 °C 2 minutes

Final extension 72 °C 4 minutes 1 cycle

Hold 4 °C oc 1 cycle

Table 6.1 PCR conditions for Pfu DNA polymerase-mediated PCR amplification. These
conditions were used in all PCR amplification reactions performed. *The annealing
temperature is reaction-specific since the value is dependent upon the sequences of the two
primers.

6.1.2.2 Agarose gel electrophoresis
DNA samples were separated and analysed using agarose gel electrophoresis.
For a 0.8 % gel, 800 mg of agarose was dissolved in 100 ml of IX TAE buffer.
Solutions were cooled slightly before addition of 10 mg/ml ethidium bromide.
DNA samples (50-400 ng DNA) were mixed with 5 jil of gel loading solution
and loaded into wells. Gels were run at 70 V for 40 minutes.

6.1.2.3 Plasmid DNA purification from E. coli
Plasmid DNA grown in Escherichia coli was purified from the bacterial cell

lysate using the Promega Wizard® SV miniprep DNA purification system

following the centrifugation protocol (Promega).
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6.1.2.4 Genomic DNA purification from Pichia pastoris (P. pastoris)
To obtain genomic DNA from recombinant KM71H or GS115 P. pastoris

colonies, Zeocin™ resistant clones were used to inoculate 5 ml YPD media and

grown overnight at 30 °C. Cells were pelleted by centrifugation and total

genomic DNA extracted and purified using the Qiagen Genomic DNA mini-

preparation kit™ according to the manufacturer's instructions. Purified DNA was

analysed by gel electrophoresis and the concentration estimated using OD260

absorption readings (section 6.1.2.6).

6.1.2.5 Gel extraction

Following separation by agarose gel electrophoresis, amplified PCR products,

digested inserts and plasmids were all purified using the Qiaquick " Gel
Extraction Kit according to the manufacturer's instructions (Qiagen).

6.1.2.6 DNA Concentration

Double stranded DNA concentration was calculated using the extinction
coefficient at OD26o, where OD26o = 1 = 50 pg/ml DNA. DNA samples were

diluted 1 in 350 with nuclease free H20 and measurements taken in a 1 ml quartz

cuvette.

6.1.2.7 Restriction Digests
To remove insert DNA from vector or to produce compatible ends on a PCR

amplification product and corresponding target vector, purified DNA samples
were subjected to restriction enzyme digest. In most cases enzyme combinations
and reaction specifications varied between constructs and required reiterative

cycles of optimisation. A detailed list of all digest conditions with their final
construct is given in Table 6.2. A general reaction mixture contained 5 pg DNA,
1 X reaction buffer, 1 X BSA (if required for enzyme activity), restriction

enzyme and H20 up to a volume of 20 pi. The reaction was then left for a

specified time in a static incubator at 37 °C.
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Restriction Enzymes
Final construct Enzyme 1 Enzyme 2

Name, source&
no. ofunits

Name, source &
no. ofunits

S
or

D

Buffer Strategy

a. pGEX2T + Hind III EcoR / D NEBuffer 1. EcoR I and Hind

SV5 P N N EcoR I III, 37 °C, 16 hr

b. pPicZaC + 1 1

CVS G

pGEX2T + SV5 Nco / Bgl II D D 1. Nco/and Bgl II,
P N

1

P

1

37 °C, 16 hr

a. pHisTEV + EcoR I Nco / S H 1. EcoR I, 37 °C - 1

SV5 P/ OP/ PiP/ P N hr

GP/ TF1,2 & 4 0.25 1 2. HD

b. pET23 + 3.+ 1XBSA

na/nb/p 4. Nco /, 37 °C, 16

hr

5. 20°C, 2hr

pET23+ EcoR / Nhe / S NEBuffer 1 .EcoR I, 37 °C,

NA/Nb/P N

0.25

N

4

EcoR / lhr

2. HD

3.+ 1XBSA

4. Nhe I, 37 °C, 3

hr

pET23+

na/nb/p

Xba /

N

1

EcoR /

N

0.5

s NEBuffer

2

1.Xba/, 37 °C, 2 hr
2. HD

3.+ 1XBSA

4. EcoR I, 37 °C, 1

hr

5. HD

pRSF + P Sac I

P

5

Not /

N

6

D NEBuffer

4

1. Sac I and Not I,
37 °C, 3 hr

pGEX4T + OP/ EcoR / Not / s H I.EcoR/, 37 °C, 1

GP/ PiP P

1

N

3

hr
2.HD
3.+ 1XBSA

4.Not/, 25 °C, 16
hr
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pGEX4T +

TF1/TF4

BamH/

N

1

EcoR /

P

0.5

S H 1.EcoR/, 37 °C, 1
hr
2.HD
3.+ 1XBSA

4.BamH /, 37 °C,
3hr

pGEX4T + TF2 EcoR / Sal/ S H 1 .EcoR I, 37 °C, 1

P N
hr
2.HD

0.5 5 3.+ IX BSA
4.Sal I, 37 °C, 16 hr

Table 6.2 Details of restriction enzyme digest strategies with their target construct. (S =
sequential digest, D = double digest (Enzyme source N = New England Biolabs, P =
Promega). (HD = heat denaturing step = 65 °C for 20 minutes, 4 °C for 2 minutes). Plasmids
mentioned more than once required several restriction digest steps in preparation of the
final expression vector.

6.1.2.8 Ligations
Digested inserts and vectors were combined in various ratios (usually 10:1 and

5:1) and mixed with 3 units T4 DNA ligase (NEB), IX ligase reaction buffer and

H20 to a volume of 20 pi. Reactions were incubated in a 16 °C water bath

overnight before transformation into competent cells.

6.1.2.9 Transformations

Aliquots of frozen competent cells were rapidly defrosted on ice and mixed with
1-5 jitl of ligation mixture. Cells were incubated on ice for 1 hour then placed in a

water bath at 42 °C for 45 seconds and returned immediately to ice for a further 2

minutes. Luria Broth (LB) was added to a total volume of 500 pi and cells grown

for 1 hour in a shaking incubator at 37 °C. Cultures were briefly centrifuged (500

rpm, 30 seconds) and excess media removed. Positive transformants were

selected on LB plates containing the appropriate antibiotic (25 pg/ml ampicillin
or 50 pg/ml kanamycin) after overnight incubation at 37 °C.

6.1.2.10 Colony PCR
Colonies containing recombinant vector DNA were identified using PCR

screening. Between 10 and 20 transformed colonies were picked and

resuspended in 10 pi water. A small amount of the suspension was replated onto

fresh LB plates containing the antibiotic selection marker and grown at 37 °C for
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8 hours. The remaining cells were heated at 99 °C for 5 minutes before cell

debris was removed by centrifugation. From the cell free lysate a 5 jj.1 aliquot
was used as template in a standard PCR (section 6.1.2.1). Amplification primers
consisted of oligonucleotide sequences homologous to the target gene sequence

or specific sites within the MCS. Reactions were cycled according to Table 6.1
with an annealing temperature of 49 °C. Products were analysed by agarose gel

electrophoresis.

Gene or vector Primer sequence

Internal SV5 P

Forwards

5'- TTC TCC CCA GAT GAG ATC AAT -3'

Internal SV5 P Reverse 5'- TGC TTT CTT GAG GTC AAT TAG -3'

5' pGEX2T sequencing

primer

5'- GGG CTG GCA AGC CAC GTT TGG TG -3'

3' pGEX2T sequencing

primer

5'- CCG GGA GCT GCA TGT GTC AGA GG -3'

T7 Promoter 5'- TAA TAC GAC TCA CTA TA -3'

T7 Terminator 5*- CCG CTG AGC AAT AAC TAG C -3'

5' AOXI Primer 5'- GAC TGG TTC CAA TTG ACA AGC -3'

3' AOXI Primer 5'- GCA AAT GGC ATT CTG ACA TCC -3'

Table 6.3 Colony PCR primers and their associated gene or vector.

6.1.3 Protein Expression Systems

6.1.3.1 E. coli expression systems

6.1.3.1.1 Preparation of competent E. coli
Overnight cultures of E. coli were used to inoculate 100 ml of fresh LB media.
Flasks were incubated for 2 hours at 37 °C in a shaking incubator. Cells were

transferred to pre-chilled falcon tubes and placed on ice for 30 minutes at 4 °C.
Cells were pelleted by centrifugation (2,800 rpm, 5 minutes) to remove growth
media and resuspended in a solution of 50 mM CaCl2 and 20 mM MgSO,*.

Following a 2-hour incubation on ice, cells were centrifuged again and

resuspended in a smaller volume of CaCl2 and MgS04- Aliquots were snap

frozen in liquid nitrogen and stored at -80 °C.
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6.1.3.1.2 Heterologous expression of proteins in E. coli
Overnight cultures transformed with recombinant plasmid were used to inoculate

500 ml pre-warmed Luria Broth containing 25 |ig/ml ampicillin and/or 50 jig/ml

kanamycin. Cells were grown for 2-3 hours at an agitation of 100 rpm until a

logarithmic growth phase (OD6oo 0.5-0.8) was reached. Protein expression was

induced from the T7 bacteriophage promoter by addition of IPTG (Table 6.4).
Soluble and insoluble fractions were separated by centrifugation and analysed for

protein expression.

Protein Expression
Strain

Protocol [IPTG] Induction

duration

SV5

phosphoprotein

(whole protein)

UT5600 (NEB) Standard 0.5 mM 4 hours

Bunyamwera
virus

nucleoprotein

M15 (pREP4) Standard, 37 °C 1 mM 3 hours

SV5-P and NA or

Nb complexes

BLR (DE3)

(Novagen)

37 °C until OD60o of

0.7. Cultures cooled to

15 °C and induced at

20 °C.

1 mM 12-15 hours

MBP-OP CAG 597

(NEB)

30 °C until OD60o of

0.3-0.4. Cultures

placed at 4 °C for 30

minutes then induced at

18 °C.

0.1 mM 12 hours

MBP-GP UT5600 (NEB) Standard 0.5 mM 3 hours

GST-OP BL21 (DE3) Standard 0.5 mM 3 hours

GST-GP BL21 (DE3) Cold shock 0.5 mM 3 hours

GST-PiP BL21 (DE3) Heat shock 0.5 mM 3 hours

GST-TF1 BL21 (DE3) Standard 0.5 mM 3 hours

Table 6.4 Conditions for protein expression. Standard conditions were as follows: 0.5 mM
IPTG, 3 hours at 37 °C.
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6.1.3.1.2.1 Heat Shock of E. coli cultures

Cells in the log phase growth period (OD6oo = 0.6-0.8) were placed in a 42 °C

water bath for 20 minutes then transferred to a 25 °C water bath for a further 10

minutes. After the heat shock treatment an appropriate concentration of IPTG

was added and cells returned to a 20 °C shaking incubator for 4-16 hours.

6.1.3.1.2.2 Cold Shock

Cultures grown at 37 °C were transferred to a water-ice bath at 5-8 °C at the

stage of log-phase growth. After 20 minutes, protein expression was induced
with IPTG and cells returned to a shaking incubator at 20 °C.

6.1.3.2 P. pastoris expression Systems

6.1.3.2.1 Preparation of competent P. pastoris
Cells from stab cultures of P. pastoris strains KM71H and GS115 (Invitrogen)
were used to inoculate 5 ml YPD and grown overnight at 30 °C with vigorous

shaking. A 50 pi aliquot of overnight culture was added to 250 ml of fresh YPD

medium in baffled flasks and grown at 30 °C for 16-18 hours to an ODeoo of 1-3-

1.5. Cells were pelleted at 4 °C and resuspended in 40 ml ice-cold water, 1 X

TEB, 10 ml of 1 M acetic acid and 2.5 ml of 1 M DTT then agitated gently for a

further 15 minutes. The cell suspensions were diluted to 250 ml with sterile water

and centrifuged again at 4 °C. Pellets were washed twice with 30 ml water and

30 ml ice-cold 1 M sorbitol then resuspended in 400 pi 1 M sorbitol. Competent
cells were stored on ice at all times and used immediately for transformation.

6.1.3.2.2 Expression trials in recombinant P. pastoris

6.1.3.2.2.1 Time-course study of GS115 (Mut+) secreted protein
expression

A single GS115 (Mut+) colony isolated from YPD agar was used to inoculate 10
ml of pre-warmed BMGY media in a 50 ml conical tube. Cultures were

amplified to an OD6oo of 2-6 at 30 °C in a CertomatRIS shaking bench top

incubator (180 rpm). Cells were harvested at 3000 x g for 5 minutes and
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resuspended in 50 ml BMMY media to an OD600 of 1.0 to induce heterologous

expression of protein. Cultures were maintained for 4 days at 30 °C with the
addition of (100 % v/v) methanol added to a final concentration of 0.5 % v/v

every 24 hours. At the following time intervals: 0,6,12,24,36,48,60,72,84 and 96

hours, 1.0 ml aliquots of the expression culture were transferred to 1.5 ml

microcentrifuge tubes and harvested by centrifugation. Supernatant and cell

pellet were separated and retained to determine secreted or intracellular protein

expression (section 6.1.4.2). For medium and large scale expression trials
volumes were increased accordingly and cultures maintained in 1 1 or 2 1 baffled
flasks.

6.1.3.2.2,2 Time-course study of KM71H (Muts) secreted protein
expression

Recombinant KM71H P. pastoris colonies, streaked on YPD plates were picked
and grown in 17.5 ml BMGY, at 30 °C to an OD600 of 2-6. Cells were pelleted at

3000 x g for 5 minutes and resuspended in 5 ml BMMY. Cultures were

incubated for 6 days at 30 °C in the presence of 0.5 % v/v methanol. At 24-hour

intervals, 0.5 ml aliquots were removed and processed (section 6.1.4.2).

6.1.3.2.3 High cell density fermentation of P. pastoris
Inoculum for fermentor was prepared from frozen cell stock cultures transferred
to 10 ml BMGY. Flasks were incubated at 30 °C for 12 hours until a culture

OD6oo of 4-6 was reached. Starter culture was added aseptically via a sterile

syringe into a pre-autoclaved fermentor vessel containing 10 1 of basal salts
medium plus trace element solution PTM1, with a final pH of 5.0. To allow

monitoring of growth conditions within the reactor sterile pH, temperature and

oxygen probes were attached. Dissolved oxygen concentration was maintained at

the required level by adjustment of aeration and agitation. Fermentation was

carried out using a BioFlo 110 fermentor (New Brunswick Science) equipped
with software control (Biocommand Plus). Fermentation conditions are listed
below:
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pH:

Temperature:

Initial dissolved oxygen

content:

Agitation:

Air flow valve:

5.5

30 °C / 25 °C

25%

300 rpm (minimum) /
1500 rpm (maximum)

Fully open (10 1/min)

Expression with both KM71H P. pastoris strains at fermentor volume was

performed following a three-step procedure as detailed in Table 6.5.

Phase Time Growth Conditions

Glycerol batch

phase

24-48 hours All variables maintained at constant levels

as described previously.
Fed-batch phase 3-4 hours Limited glycerol feed (15 ml/1 of 50 % v/v

glycerol per hour). Agitation increased to

maximum.

Methanol

induction phase

68-92 hours Methanol feed started at 1 ml/hr and

increased with small increments to 6 ml/hr

within a 6 hour time period. After 48 hours
feed rate was reduced to 1 ml/hr and

maintained at this level for remainder of

expression phase.

Table 6.5 Fermentor growth phases and the precise conditions maintained for induction of
the CVS G protein fragment from recombinant KM71H P. pastoris.

6.1.4 Protein purification

6.1.4.1 Preparation of E. coli cell lysate
Following protein expression, E. coli cells were harvested by centrifugation

(6,000 rpm, 20 minutes) and pellets frozen overnight at -20 °C. Cells were

resuspended in 5 ml of sample buffer and sonicated on ice for a total time of 90
seconds at 30 second intervals. Suspensions were centrifuged at 3000 rpm, the

supernatant decanted and pellets resuspended in 15 ml sample buffer. Lysates
were subjected to a further sonication and centrifugation step before being spun
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at high-speed (18,000 rpm, 30 minutes) to remove remaining cell debris.
Clarified extracts were passed through a 2.0 pM filter before being loaded onto

the initial purification matrix. Purification was monitored by SDS PAGE.

6.1.4.2 Extraction of protein following secreted or intracellular P. pastoris
expression

6.1.4.2.1 Preparation of cell pellets (Intracellular expression)
Harvested cell pellets were frozen at -80 °C overnight then rapidly defrosted on

ice. To each sample 100 pi of Breaking Buffer and an equal volume of acid-
washed glass beads (Sigma) were added. Cells were lysed by ten cycles of

vortexing for 30 seconds followed by incubation on ice for 30 seconds. Insoluble
and soluble fractions were separated by centrifugation at 13,000 rpm for 10
minutes at 4 °C. Clarified supernatant was diluted (1 in 2) with SDS PAGE

Laemmli buffer and heated to 99 °C for 10 minutes before electrophoresis.

6.1.4.2.2 Preparation of supernatant samples (Secreted expression)
Supernatants removed from harvested cell pellets were concentrated by acetone

precipitation. To every 0.5 ml of sample, 250 pi of 100 % v/v ice-cold acetone

was added and tubes inverted four times to mix. Samples were incubated at -20

°C for 30 minutes and precipitated proteins harvested by centrifugation at 13,000

rpm for 10 minutes. Pellets were resuspended in 20 pi 10 mM Tris-HCl pH 7.5
and diluted into an equal volume of SDS PAGE Laemmli buffer.

6.1.4.3 SDS PAGE

Protein samples were prepared for SDS PAGE by diluting 1:2 with 10 pi

Laemmli Buffer and heated to 99 °C for 3 minutes. Fractionation of proteins was

performed by electrophoresis on pre-cast Bis-Tris-HCl buffered 4-12 %

polyacrylamide gel (Invitrogen) with NuPAGE MES SDS running buffer to

ensure consistent sample reduction. NuPAGE running buffer antioxidant (1 X)
was added to the upper chamber to prevent sample reoxidisation occurring

during electrophoresis. Gels were run using the Invitrogen Xcell SureLockTM
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apparatus under the following standard electrophoresis conditions; 200 V for 35

minutes, Current 125 mA - 80 mA.

6.1.4.3.1 Native gel electrophoresis
Protein samples were mixed in equal volume with the non-reducing NuPAGE™
sample buffer before being loaded onto a pre-cast 10 % tris-glycine native gel.

Upper and lower chambers of the electrophoresis tank were filled with 1 X
tricine running buffer (Invitrogen). Electrophoresis was performed at 125 V with
a current of 35 mA for 90 minutes.

6.1.4.3.2 Detection of proteins separated by SDS PAGE

6.1.4.3.2.1 Coomassie Blue staining
To stain proteins separated by electrophoresis, gels were agitated in 100 ml
Coomassie blue solution for 10 minutes at room temperature. Staining solution
was decanted and replaced with 200 ml of destain and incubated for

approximately 4 hours.

6.1.4.3.2.2 Silver staining SDS Gels
After electrophoresis the gel was fixed in 100 ml of 50 % v/v ethanol and 5 %
v/v acetic acid overnight. Gels were rehydrated in a large volume of distilled
water until original size was achieved. The GelCode® Color silver staining kit

(Pierce) was used according to manufacturers instructions and gels dried in a 5 %

glycerol stabilizer base solution.

6.1.4.3.3 Western Transfer

After protein separation by SDS PAGE, gels were assembled into a pre-cut

PVDF membrane/filter paper sandwich (Invitrogen). PVDF membranes were

rinsed in methanol and equilibrated in 50 ml transfer buffer for several minutes

prior to use. Proteins were transferred using the Invitrogen blot module apparatus
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containing pre-soaked blotting pads and 75 ml 1 X Western transfer buffer at 25
V for 1 hour.

6.1.4.3.3.1 Immunological detection of proteins
PVDF membranes were blocked overnight with 10 ml PBSTM, rinsed in 20 ml
PBST with gentle agitation and incubated with primary antibody directed against
the immobilised protein. Following primary hybridisation, blots were transferred
into diluted secondary antibody and agitated for a further hour. To allow

detection, all secondary antibodies were obtained as horseradish peroxidase

(HRP) linked conjugates. Prior to chemiluminescent detection, membranes were

washed three times in 10 ml PBST. The ECL Plus™ chemiluminescence reagent

(Amersham Pharmacia) was used according to the manufacturer's instruction.

Autoradiograph X-ray film (MACO X-Ray) was exposed to treated membranes
for 30 seconds to 1 hour to permit detection of protein. Target protein and

antibody dilutions are detailed in Table 6.6.
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Antibody 1°

or

2°

Dilution Raised

in

Mono- or

polyclonal

Target Supplier

anti SV5

Pk 336

1° 1:5000 Mouse Monoclonal Pk tag epitope on

SV5-P

Prof. R.

Randall (St-
Andrews

University)
anti SV5 P

285

1° 1:5000 Mouse Monoclonal Uncharacterised

SV5-P epitope

D. Young (St-
Andrews

University)
anti SV5 N 1° 1:5000 Mouse Polyclonal Uncharacterised

epitopes of the

SV5 N protein

Prof. R.

Randall (St-
Andrews

University)

R413 (anti-

rabies G)

1° 1:1000 Rabbit Polyclonal Uncharacterised

CVS-G fragment

epitope

Dr A. Fooks

(VLA,

Weybridge)
anti-mouse

(HRP)

2° 1:3000 Goat BioRad

Anti-rabbit

(HRP)

2° 1:3000 Donkey Sigma

Table 6.6 Primary and secondary antibodies used in the immunological detection of
proteins

6.1.4.4 Metal chelating affinity chromatography
High affinity nickel sepharose (Qiagen) was packed into a 20 ml HR16 column

(Amersham Pharmacia) and solutions passed through the system using a

peristaltic pump. The filtered protein extract was loaded onto resin pre-

equilibrated with 3 column volumes (CV) of protein sample buffer. Unbound

protein was collected for analysis. The solid-phase was washed with 5-10 CV of
Ni-NTA wash buffer to remove contaminating proteins, before bound protein
was eluted in 5-6 CV of imidazole elution buffer. Purified protein was collected
in 3 ml aliquots using a stand-alone fraction collector. Aliquots from the
unbound, wash and elution stages were analysed for total protein content by SDS
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gel electrophoresis. Fractions containing a high concentration of His-tagged

protein were pooled, dialysed or concentrated prior to further purification.

Nickel columns used to purify protein after the removal of the histidine tag were

run in a similar manner. For 'negative-purification', unbound protein was

collected following the addition of a clarified lysate to the matrix, whilst metal-

chelating contaminants remained immobilised on the solid-phase.

6.1.4.5 MBP affinity chromatography
Amylose resin (NEB) was packed into a gravity-flow 20 ml column. Cells were

lysed as described previously (section 6.1.4.1) then loaded onto the column pre-

equilibrated with 2 CV of lysis buffer. The resin was washed with 8-10 CV of

lysis buffer and unbound protein kept for further analysis. MBP-fused proteins
were eluted in 40-50 ml MBP buffer. Eluates were analysed by SDS PAGE for
the presence of recombinant proteins. Fractions containing protein were

combined and diluted into TEV protease cleavage buffer for tag-removal. To
remove the cleaved MBP tag, digests were passed across the affinity matrix

again and collected in the unbound fraction.

6.1.4.6 GST purification and thrombin digest
GST fusion proteins were purified by a batch method using glutathione agarose

(Sigma), according to the manufacturer's instructions. Briefly, 120 mg of

glutathione-agarose beads were swollen in water and washed thoroughly in PBS.
Filtered cell lysates were mixed with 4 ml of (50 % w/v) glutathione agarose in
PBS for 1 hour at 4 °C and beads were washed 5 times. Bound protein was

cleaved directly on the beads following dialysis into thrombin digest buffer.

Approximately 1 unit of biotinylated thrombin (Novagen) was added to the beads

per mg of GST-fused protein. Digests were incubated overnight at room

temperature and cleaved protein removed by centrifugation and pelleting of the

glutathione beads. GST and non-cleaved protein was eluted four times with 2 ml
of 10 mM reduced glutathione resuspended in 50 mM Tris-HCl pH 8.0. To
monitor the efficiency of thrombin cleavage aliquots were removed and analysed

by SDS PAGE. Thrombin was removed from the digested protein using
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strepavidin cross-linked agarose (Novagen). Approximately 500 jll of the

resuspended agarose was washed twice with water then PBS and added to each

digest. Mixtures were incubated for 1 hour at room temperature on a rocking

platform. Agarose and captured thrombin were separated from digested protein

by centrifugation.

6.1.4.7 Cation exchange chromatography
Clarified cell extracts were dialysed into a suitable buffer with a final salt
concentration of 5-10 mM and a pH of at least two units below the target protein

pi value. Porous H520 cation exchange columns were attached to the Biocad®
700E workstation for Perfusion Chromatography® and pre-equilibrated with 2
CV of the same buffer. Protein samples containing no more that 35 mg total

protein were loaded onto the column then washed with more buffer until the

OD280 reading returned to 0. Protein was eluted with a linear gradient of NaCl

(values between 0 mM and 1000 mM) in a total volume of 50 ml at 0.5 ml/min.

6.1.4.8 Gel filtration

Removal of minor contaminants was achieved using a HiLoad™ 26/60

Superdex™ 75 26/60 or HiPrep™ 16/60 Sephacryl™ S-200 gel filtration column
attached to the Biocad workstation and equilibrated with 1 CV of protein lysis
buffer at a rate of 2 ml/min. Protein samples were loaded onto the column and

passed through the matrix at 0.5 ml/min to increase column resolution and

improve protein separation. Peak fractions (high protein concentrations) were

collected in 2 ml aliquots and protein content assessed by SDS PAGE.

6.1.4.9 Concentration of protein samples
Homogenous protein solutions were reduced using Viva Science 20 ml spin
concentrators with a molecular weight cut off of 3,000 to 50,000 Da. As a

general rule, a membrane with a cut off point 10 kDa below the molecular weight
of the target protein was used. Concentration continued until initial precipitation
was detected. At this point the solution was placed into a clean eppendorf and
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centrifuged at 15,000 g for 15 minutes to remove precipitated protein. Soluble

protein concentration was assessed using OD280 readings and Bradford assay

techniques

6.1.4.10 Determination of protein concentration
The concentration of protein present at each stage of the purification procedure
was determined initially by the Bradford technique (399). The Bradford reagent

(Bio-Rad) was used according to the manufacturers guidelines.

For pure protein samples, protein absorption at 280 nm and 260 nm was

measured to correct for the presence of contaminating compounds such as

nucleic acids. Readings were taken in quartz cuvettes and protein concentration
calculated according to the following formula:

Protein (mg/ml) = 1.55 A280 - 0.76 A260

6.1.5 Protein Crystallisation
There are multiple texts outlining the principles behind the crystallisation of

proteins and the quantitative and qualitative parameters affecting
macromolecular crystal growth (395, 400, 401). However, only the techniques
that have been used within this thesis are described below with protein-specific

adjustments defined in the relevant chapter experimental section.

6.1.5.1 Sample preparation
Protein for crystallisation experiments was used immediately following

purification and stored for a maximum of one week at 4 °C. Purified protein was

placed into initial screens following the determination of the protein saturation
concentration as described in (section 6.1.4.10).

6.1.5.2 Sparse matrix screens

The following screens were used to determine crystallisation conditions for the
SV5 P protein, the SV5 P protein fragments and the BUN N protein.
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Sparse matrix screen Number of conditions Supplier/Reference
™

Crystal Screen
Crystal Screen 2
Crystal Screen Lite™
Index™
Salt Rx™
PEG/Ion Screen™
Sigma Basic
Sigma Extension
Wizard I
Wizard II
Clear Strategy Screen I
and II

Imperial College Screen
Palmerston North Screen
FSMS

50 Hampton Research
48 Hampton Research
50 Hampton Research
96 Hampton Research
96 Hampton Research
48 Hampton Research
50 Sigma
50 Sigma
48 Emerald Biostructures
48 Emerald Biostructures
48 (402)

60
64
48

(403)
(404)
(405)

Table 6.7 Sparse matrix screens used in the pursuit of protein crystals

The following grid screens (Hampton Research) were also performed:

• [Ammonium sulphate]
• PEG 6000 (%)
• MPD (%)
• [NaCl]
• [Sodium malonate]

6.1.5.3 Vapour diffusion techniques

6.1.5.3.1 Hanging drop method
A small drop of homogenous protein solution (1-2 pi) was pipetted onto a

siliconized glass cover slip and mixed with an equal volume of crystallisation
buffer. The cover slip was inverted and placed over a pre-greased well in a VDX

plate (Hampton Research) containing 100 pi of mother liquor. The layer of

grease between the top of the well and the cover slip created a sealed chamber

allowing vapour diffusion to occur.
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6.1.5.3.2 Sitting drop method
In the sitting drop method, 1 pi of protein solution was placed into a small well
on a drop-support platform raised above the reservoir solution in a

CrystalClear™ strip plate (Hampton Research). Each drop was mixed with an

equal volume of mother liquor and the well sealed with CrystalClear™ sealing

tape.

6.1.5.4 Batch Crystallisation
For microbatch crystallisation, oil (Paraffin, Al's or Silicon) was poured into the

trough area of a MicroBatch™ plate (Hampton Research) submerging all wells.

A homogenous solution of sample and buffer was obtained by mixing 1 pi of

protein with an equal volume of crystallisation reagent underneath the oil
surface. In all cases the oil was used as the sealant for prevention of evaporation.

6.1.5.5 Screening techniques

6.1.5.5.1 Grid optimisation
Observation of nucleation or crystalline material in a sparse matrix drop was

followed by optimisation of growth parameters. A grid screen around a condition
was performed by strategic alteration of each of the crystallisation buffer
constituents. Parameters varied included protein concentration, pH, temperature,

salt and precipitant concentration. Reservoir volume was not altered. Drop
volume was also changed to accommodate different protein:mother liquor ratios.

Crystal size and appearance was correlated with each change and further grid
screens performed until crystals could not be improved.

6.1.5.5.2 Additive screening
Additive screening was performed using the small molecule Additive Screen kit
from Hampton Research. Hanging or sitting drops were set up as before with
each drop containing 1 pi protein, 1 pi crystallisation buffer and 0.1 pi additive
solution. If an additive was seen to improve crystal growth it was used as the
basis of a new working solution for further grid screen optimisations.
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6.1.5.6 Cryoprotection, crystal mounting and data collection
For all crystal forms individual cryoprotective agents were determined. A cryo-

protectant was deemed suitable if no adverse effects were seen on the

microscopic crystal structure and the frozen drop (see later) remained

transparent. Crystals were removed from the crystallisation drop using cryo-

loops, transferred to the cryo-protectant then frozen in a liquid nitrogen cooled

gas stream set to 100 K.

All data sets were collected at the synchrotron facility in the ESRF. The beamline
details are recorded in the individual results and discussion section for each

protein. In each case an initial diffraction pattern was recorded and studied for
characteristic ice-rings that would affect data processing. Test images were taken
at 0, 90, 180 and 270 ° and processed using MOSFLM version 6.2.2 (370) to

determine the space group for each crystal. This space group was used to develop
the specific data collection strategy for each crystal.

6.1.6 Biophysical characterisation protocols

6.1.6.1 Dynamic Light Scattering (DLS)
Protein samples were diluted to a concentration of 1 mg/ml then centrifuged at

13,000 rpm for 30 minutes. Supernatant was passed through a 0.2 pM filter to

remove any precipitate or dust particles. DLS was performed using a DynaPro
MSTC Dynamic Light Scattering Instrument (Protein Solutions) pre-equilibrated
with 100 pi water. The baseline for the protein solution was obtained by injecting
3 ml of the protein buffer through the machine until a stable reading was

obtained. For every aliquot analysed, 200 pi of dilute protein was injected into
the machine and 10 measurements taken for averaging. The hydrodynamic radius
was determined using the Stokes-Einstein equation. Diffusion coefficients were

estimated from analysis of decay of the scattered intensity. All calculations were

performed using software provided by the manufacturer.
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6.1.6.2 Circular Dichroism (CD)
The CD spectra of protein samples were recorded on a Jasco 810 dichrograph in
the laboratory of Dr S Kelly (Protein Characterisation Facility, University of

Glasgow). Protein concentrations of 1 mg/ml were used when collecting spectra

in the near UV range and 0.5 mg/ml for far UV data. Proteins were dialysed into
100 mM sodium phosphate buffer to remove chloride ions that would otherwise
interfere with collection in the far UV range.

6.1.6.3 Glutaraldehyde cross-linking
Proteins were diluted to 0.3 mg/ml in cross-linking buffer and incubated with

glutaraldehyde (Sigma) (final concentration 0.01-0.1 %) at 25 °C for 20 minutes.

Samples were then diluted in Laemmli sample buffer, boiled and analysed by
SDS PAGE.
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