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Abstract
Circoviridae and Anelloviridae viruses are present worldwide and can infect a
large range of host species. New virus species are constantly being discovered and
assigned to these families; whilst others that are likely to be assigned to these families,
remain to be officially classified taxonomically. The virus families Circoviridae and
Anelloviridae possess a circular genome, enclosed in a small and simple isohedral
capsid.

This study provides determination of an expression method for Gyrovirus
constructs CAV VP1 X and VP1 XL and low reslution

These findings indicate that there is now a known expression method for CAV
constructs VP1 X and VP1 XL, and BCV X. Although expression trails for PCV-3 and
AfaCV were unsuccessful, these initial trials will provide a base line for future trials.

The key aims of this honours thesis were to characterise the structure of BCV X
with and without DNA using crystallography, design and test recombinant expression
constructs of Starfish Cap protein and test recombinant expression of PCV-3 and CAV.

Successful expression and x-ray diffraction of BCV X + DNA VLP was achieved
however the resolution achieved was not high enough to model the complex.
Unfortunately expression of both PCV-3 and AfaCV was unsuccessful in this study due
to time restraints and/or cell line issues. Achievement of expression of CAV VP1 X and
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CAV VP1 XL and subsequent solubilisation will provide a basis for expression and
solubilisation of the two CAV constructs in the future studies. Overall, the preliminary
results achieved in this study will be the basis for future work in the laboratory.

These findings indicate that there is now a known expression method for CAV
constructs VP1 X and VP1 XL, and BCV X. Although expression trails for PCV-3 and
AfaCV were unsuccessful, these initial trials will provide a base line for future trials.
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1.0 Literature Review

1.1 Introduction
The virus families Circoviridae and Anelloviridae possess a circular genome,
enclosed in a small and simple isohedral capsid (1-3). The family Circoviridae has
undergone recent classification and now contains two genera, Circovirus and
Cyclovirus. Prior to 2017, family differences in genomic organisation led to classification
into two genera, Circovirus and Gyrovirus (3-5), however, the latter was reassigned
under the Anelloviridae family (6). The genomic organisation of Circoviruses,
Cycloviruses and Gyroviruses is represented in Figures 1.1, 1.2 and 1.3 respectively.

Circoviridae and Anelloviridae viruses are present worldwide and can infect a
large range of host species. New virus species are constantly being discovered and
assigned to these families, whilst others that are likely to be assigned to these families,
remain to be officially classified taxonomically (6-9). As both families can infect a range
of animals, wild to agricultural, the economic impact associated with Circoviridae and
Anelloviridae diseases are significant (6, 10). Porcine Circovirus 2 (PCV-2) is one of the
top three economically significant viral infections of swine farming and is a precursor for
more significant swine diseases such as Porcine reproductive & Respiratory syndrome
(PRRS) and mycoplasmal pneumonia(10) . Other Circoviridae and Anelloviridae also
cause economic impact through both; direct losses and control strategy expenses (11,
12) .
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Figure 1.1Schematic diagram of Circovirus
Non-enveloped, round, isohedral symmetry, about 17 nm in diameter. Circovirus
capsid consists of 12 pentagonal trumpet-shaped pentamers. Genome is ssDNA of
about 1800 to 2000bp. Replication is through double-stranded intermediates; the Rep
protein initiates rolling circle replication (RCR). The viral DNA and complementary DNA
of replicative intermediate encode two mRNAs for the Rep and Capsid proteins (13).

Figure 1.2 Schematic diagram of Cyclovirus
Non-enveloped, round, isohedral symmetry, about 17 nm in diameter. Cyclovirus
capsid consists of 12 pentagonal trumpet-shaped pentamers. Genome is ssDNA of
about 1800 to 2000 bp. Replication is through double-stranded intermediates. The
replication (Rep) protein initiates and terminates rolling circle replication (RCR). The
viral DNA and complementary DNA of the replicative intermediate encode two mRNAs
for the Rep and Capsid proteins (14).
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Figure 1.3 Schematic diagram of Gyrovirus
Non-enveloped, round, isohedral symmetry, about 25 nm in diameter. Gyrovirus
capsid consists of 12 pentagonal trumpet-shaped pentamers. Genome is ssDNA of
about 2300bp. Replication is through double-stranded intermediates; a Rep-like protein
initiates rolling circle replication (RCR). mRNA is transcribed by cellular RNA
polymerase II and encodes three proteins: VP1 (structural protein), VP2 and VP3 (15).

The Circoviridae family represent an expanding assembly of viruses that have
early origins and whose scope is ever-increasing, that may soon include all vertebrates
(12, 16). Circovirus-like sequences have been identified in fossil sequences suggesting
circoviruses may represent a form of evolution relating to Nanoviridae and
Geminiviridae families (4, 17-20).

1.2 Nomenclature/ Taxonomy
Circoviridae are comprised of a covalently closed circular single stranded
deoxyribonucleic acid (ssDNA) monopartite genome ranging from approximately 1.7 to
2.1 kb (4, 9, 21). Virions are nonenveloped, 12-35nm in diameter, and display
18
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icosahedral symmetry. Replication occurs by rolling circle replication (RCR) (9, 10).
Phylogenetic and genomic difference led to the Circoviridae family being classified into
two genera, Circovirus and Cyclovirus (6). Species are assigned to a given genus
based on genomic organisation, with particular focus on the location of origin of
replication relative to coding regions (21) (Figure 1.1 & 1.2). Threshold for members of
the family Circoviridae is 80% genome-wide nucleotide sequence identity (6, 21).. New
discoveries of further species in the genus remain to be included in the taxonomic
classification (4).

Coding regions of Circoviruses are arranged in an ambisense orientation within
the genome organisation, creating two intergenic regions. The larger intergenic region is
between the 5’ ends of the two major open reading frames (ORFs) Rep and Cap, whilst
the shorter region exists between the 3’ ends of the genes (4). The aambisense viruses
contain at least one gene segment that is positive, and one part that is negative in
polarity. The 5’ part of ambisense ribonucleic acid (RNA) is of positive polarity
containing an ORF that can be translated directly, whilst the section containing negative
polarity contain a ORF only (22).

Circoviruses encode two proteins Cap and Rep. In the case of PCV-2, the Cap
protein, with a molecular mass of 28 kDa, is encoded by ORF 2, and encapsidates the
genome of1,767 bases. The Cap protein of PCV-1 and PCV-2 are 66% identical. The N
terminus of Cap circovirus proteins is highly basic, and interacts with the packaged DNA
(9).
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Anelloviridae contain 10 genera of vertebrate-infecting viruses and other than
Circoviridae, represents the only other animal viruses that contain covalently closed,
circular ssDNA genomes. Members harbour a conserved genetic organisation, with a
coding region containing a major ORF, an overlapping ORF2, and additional ORFs-,
and untranslated regions (23) (Figure 1.3). The genus Gyrovirus encompasses only one
virus, Chicken anaemia virus (CAV). Here the capsid consists of a single type of
structural protein VP1. The protein possess both structural and function roles, with
motifs associated with RCR encompassed in the protein (4, 9) The N terminus of ORF 2
interacts with packaged DNA while the C terminus of the protein consists of motifs
associated with RCR (9).The noncoding region of the CAV genome is partly Guanine
Cytosine rich and able to form putative hairpin structures as a negative sense genome
organisation. The nontranscribed region of the genome contains transcription initiation
and termination signals. Tandemly arranged within this nontranscribed region is four or
five 19 nucleotide repeats with which promoter enhancer activity is associated (4).

1.3 Replication
Rolling circular replication is a mechanism adopted by some plasmids that
represent one of the simplest initiation strategies (9, 24, 25). The replication process is
characterised by a singular initiation mechanism, which relies on sequence-specific
cleavage. This occurs at the nick site of the double strand origin of one of the parental
DNA strands by an initiator Rep protein (Figure 1.4) (25).
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Figure 1.4 Rolling Circle Replication
A replication process, which involves continual synthesis of a polynucleotide,
that is ‘rolled off’ a circular template molecule (26).

1.3.1 Rep protein
The Rep gene of Circoviruses and Gyroviruses harbours amino acid functional
motifs linked to RCR. The functional domain of the Rep protein is conserved and
contains an endonuclease domain and P-loop (27, 28).The DNA-binding domains may
also play a significant role in specificity and binding of substrates. Nuclear magnetic
resonance (NMR) has been employed to resolve some of the structural elements for the
Rep protein of PCV-2 (27, 29, 30).The structurally resolved endonuclease domain of
Rep protein of PCV-2 has elucidated tyrosine or serine rich motifs to play a role in
metal ion activation, DNA binding and ssDNA cleavage. Previous structural and
sequence analysis has shown that there are three motifs near the N-terminus of the
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endonuclease domain which is conserved across circoviruses, geminiviruses and
nanoviruses (27, 31).

The second structural domain of the Rep protein is a P-loop motif which is
conserved amongst circoviruses and crucial for PCV replication (32-35). Activity
involving ATPase binding of this domain was detected in PCV (30), with a similar
consensus ATPase/GTPase binding motif detected in geminiviruses which is apparently
essential for viral genome replication (36).

It should be noted that Gyroviruses do not possess Rep protein rather a Rep-like
protein that is involved in initiation of RCR (15).

1.3.2 Cap protein
Capsid proteins associate together to enclose the genome, forming an outer
shell, thereby serving to protect the viral genome (37, 38). These macromolecular
assemblies are formed during replication. The assemblies can range from large nonenveloped spherical capsid virions with icosahedral regularity to smaller cytoplasm and
nucleus localised complexes (1). In addition to structural roles, the Cap protein plays
many important roles in viral infection including virus attachment, cell entry, uncoating to
release the genome into the target cell and packaging of newly formed viral particles
(37-39).. In the case of PCV-2, the Cap protein binds receptors including
glycosaminoglycan’s (GAGs), heparin sulphate and chondroitin sulphate B, present in
many cell types (40).
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Open reading frame 2 of PCV-2 encodes the capsid protein, with a molecular
mass of 27.8kDa (41). Cap is considered to be the most immunogenic protein of the
circovirus PCV-2. (33)

1.4 Crystallography
Three dimensional atomic structures provide insight into viral life cycles and
development of antiviral drugs. X-ray crystallography and Cryo Electron Microscopy
(Cryo-EM) have been used to determine the atomic structure of viruses. Both
techniques require relatively large quantities of protein, which can either be purified
directly from their host or from tissue culture (42, 43). Once the protein is purified,
conditions that may induce crystallisation of the protein are screened using a common
technique the hanging drop. Crystals are generally then optimised from these screens,
and diffracted using X-rays, generated by either a rotating anode, or a synchrotron.
Collection of the reflection data can be used to produce a model of the protein that nest
fits an electron density map (1, 44).

One limitation of X-ray crystallography is that it requires molecules to be
arranged in a consistent conformation within a lattice. This, however, may not be
possible if the protein is flexible, or exists in multiple conformations (45, 46). Though, Xray crystallography has been a routine technique for uncovering structural information of
important biomolecules and cellular processes, the technique is limited by the growth of
well-ordered 3D crystals.. Therefore complementary techniques such as cryo-EM are
becoming more popular with recent advances in detectors, allowing low angstrom
resolutions to be achieved, without the need for generating prior crystals (43, 45, 46)
23
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Instead of diffraction of crystals, Cryo-EM determines structures by
computationally combining images of many individual macromolecules in identical or
similar conformations (43, 46). In this technique, samples of purified molecules in
solution are applied to an electron microscopy (EM) grid covered with a thin holey
carbon film and blotted by a filter paper to remove majority of solution. With the
molecules undergoing a plunge-freezing process, the molecules embedded in a line
layer of vitreous ice are imaged using an electron microscope. The final 3D
reconstructions is a density map that can be inferred in the same way as electron
density maps determined by X-ray crystallography(46). The major advantage of CryoEM over X-ray crystallography is instead of ordered crystals, molecules in solution are
used (43, 45, 46).

Khayat et al (2011) published the 2.3 angstrom structure of PCV-2 providing the
first structural description for a Circovirus family member. The choice of a PCV-2
consensus sequence was made in order to pursue the crystal structure for what was
most representative of the PCV-2 population (44). Other than BFDV and PCV-2 (1),
evidence of crystal structures of other viruses incorporated in Circoviridae family is
lacking in published journal articles.

1.5 Phylogenetic Relationships
Members of the family Circoviridae are phylogenetically different from family
members of Anelloviridae, figures 1.5 and 1.6 respectively. Both families comprise of
animal viruses containing circular ssDNA genomes however there is some notable
difference between the two families (6, 21, 23). Circoviridae are evolutionary related to
24
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eukaryotic viruses that possess a circular ssDNA genome which encode a Rep protein.
This Rep contains a conserved endonuclease and helicase (47-50). In contrast,
Anelloviridae, include viruses from a separate lineage of ssDNA replicons based on
genomics and structural features (6, 23)

Distinct differences also occur within the Circoviridae family resulting in two
genera for further classification (6, 51, 52). Circoviridae viruses have been identified in
vertebrates and invertebrates, though in most cycloviruses the definitive host is
unknown (21). The Rep protein in the circovirus genomes is encoded on the virion
sense strand and the Cap protein is the complementary strand, whilst the gene
orientation is opposite in cycloviruses. Additionally, the intergenic region at the 3’ end of
the ORFs in the circovirus genome is relatively larger when compared to those in
cyclovirus genomes. Furthermore, in the majority of cycloviruses, the genes encoding
the Rep and Cap proteins overlap at their 3’ ends (53, 54). It should be noted that
Cyclovirus genomes are not grouped by the type of organism from which they are
identified (19, 21, 26).

The Anelloviridae family, containing 10 genera, houses a progressively divergent
variety of viruses of many sizes and pathogenicity. Complete genomes range
phylogenetic tree enables identification of genera. Based on the ICTV taxonomic
classification, Anelloviridae must not diverge more the 56% from genus and 35% from
species in order to be classified in this family(23).
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A Maximum likelihood (ML) phylogenetic tree was constructed using publicly
available genome isolated for, from GenBank, to show the relationship between study
target viruses and other viruses within the families Circoviridae and Anelloviridae,
therefore highlighting why the specific viruses; CAV, PCV-3, BCV and AfaCV were
chosen for this study (Figure 1.5). Due to CAV in the past being classified in
Circoviridae, until only recently, it seemed the most appropriate candidate for studying
the similarities and difference between the two ssDNA animal virus families,
Circoviridae and Anelloviridae. Starfish circovirus (AfaCV) with its lack of research and
highly divergent genome was chosen to include in the study as more research into this
virus may result in it too being reclassified. Both viruses PCV-3 and CAV have
economic importance as they both infect production animals. The recent founding of
PCV-3 overseas highlighted the need for research to be conducted to increase
knowledge of this virus and like PCV-1 and PCV-2, develop a vaccine in the near future.
Of the 27 circoviruses classified to date, BCV makes up 8 of those viruses within the
Circoviridae family. This shows the highly divers nature of the virus within a family.
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Figure 1.5 Phylogenetic tree representing relationship between Anelloviridae and
Circoviridae
Virus species circled in red indicate the viruses which are included in this study.
The numbers that are depicted on the branches are bootstrap percentages that are the
designated confidence of the topographical relationship between particular virus
species. Number next to the virus name is the Genbank accession numbers.
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1.5.1 Porcine Circovirus (PCV)

Porcine circovirus associated diseases (PCVAD) are clinically displayed by post
weaning mulisystemic wasting syndrome (PMWS), reproductive failure, respiratory and
enteric disase and porcine dermatitis and nephrophathy syndrome (PNDS) (55). Unlike
PCV-2 and PCV-3, PCV-1 is not attributed to a disease (4) Since its discovery in the
early 1900s, with seroprevalance levels near 100% Porcine Circovirus 2 has been one
of the most present swine viruses within the domestic population (56). Porcine
Circovirus 2 is the etiological agent of PMWS, and is an essential component of
PCVAD, though its role in PNDS is yet unknown (55, 57, 58). In a recent study by R.
Palinski et al. (55), PCV-3 was identified in sows that had died acutely with PDNS-like
clinical signs .

Divergence and genomic similarities of the capsid and replicase proteins of all 3
porcine circoviruses has recently been uncovered (59). The genomes of PCV-1 and
PCV-2 are similar, with 80% homology in the origin of replication and 82% homology of
Rep gene. However, there is a high amount of sequence diversion found in the Cap
genes with less than 62% homology between PCV-1 and PCV-2 (4). Whereas the cap
and rep of PCV-3 is only 37% identical to that of PCV-2. Interestingly, the cap and rep
proteins of PCV-3 are 55% identical to those of bat associated circovirses (55). The
genomic organisation of the 3 porcine circoviruses are represented in Figure 1.7 in
schematic form.
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In a recent study by R. Palinski et al. (55), it was found that PCV-3 is commonly
found within the US swine population and may play an etiologic role in both reproductive
failure and PDNS. Within the study immunohistochemistry (IHC) analysis of sow tissue
samples found PCV-3 antigens in kidney, skin, lung and lymph node samples localised
in typical PDNS lesions (55). Due to the high economic impact of PCV-2, the novel
circovirus PCV-3 warrant further study to clarify its significance and role in PCVAD.
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Figure 1.6 Schematic genome organisations of PCV-1, PCV-2 and PCV-3
Figure shows replication protein (Rep) and capsid protein (Cap). Genome is
ssDNA for PCV-1, PCV-2 and PCV-3 with lengths of 1758 bp, 1767 bp and 2000 bp in
size, respectively (54, 59). The GenBank accession numbers for the individual viruses
are depicted within the specific diagrams.

1.5.2 Starfish associated circular virus (AfaCV)
Seas stars (Asterozoa) are keystone predators in marine enviroments, essential
for structuring invertebrate communities ciritical for ecosystem health. Asterias forbesi30
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associated circular virus (AfaCV), a ssDNA virus was discovered in a Forbes sea star
displaying symptoms of sea star wasting disease (SSWD). The genome organisation of
AfaCV is similar to that of members of the family Circoviridae, as it displays circular
ssDNA encodin a Rep protein (60). Surveys based on PCR and viral metageonmics
indicate that AfaCV is not clearly associted with SSWD, but represents the first circular
Rep-enconding ssDNA (CRESS-DNA) virus detected in echinoderms (60, 61). The
presence of the Cap and Rep protein shown in Figure 1.8 display a clear link to the
Circoviridae family (62). Future studies are needed to determine the prevalance of
AfaCV and other CRESS-DNA viruses amongst other sea star species and aquatic
animals.

Figure 1.7 Schematic genome organisation of Asterias forbesi-associated circular
virus (AfaCV)
Figure shows replication protein (Rep) and a putative capsid ORF (Cap).
Genome is ssDNA of approximately 1,206 base pairs (60).
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1.5.3 Bat Associated Circovirus (BCV)
Bats (order Chiroptera), the second most diverse group of mammals, and the
only flying mammal, are known natural reservoirs of many emerging viruses (63, 64).
Many diseases carried by Bats can potentially be passed on and cause disease in
humans and other animals (63-65). During recent disease studies involving faecal
collection from bats, five full-length circular ssDNA genomes were recovered. The five
sequences shared a similar genomic organisation to Circovirus or more accurately the
recently proposed Cyclovirus genera of the Circoviridae family (Figure 1.9) (66).

Figure 1.8 Schematic organisation of the five novel ssDNA genomes recovered
from bat faeces in China
The two major ORFs encoding the Rep and Cap proteins are shaded.
Locations of the potential stem-loop structures are marked by a filled box (66).
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Cycloviruses are characterised by organised genomes that contain two major
ORFs in opposite directions, (65). Whereas, characteristics of the genera Circovirus
include, Cap located in the positive strand and the larger Rep located on the minus
strand. Studies show that of the five ssDNA genomes recovered from bat faecal
samples, some sequences are characteristic of Cyclovirus whereas others are
characteristic of Circovirus (64, 67)

The highly basic arginine-rich domain (ARM) at the N terminus, which is typical of
Circovirus Cap proteins, was found in YN-BtCV-2, -3, -4 and -5. The genomic structures
of YN-BtCV-2, -3, -4 and -5 were similar to the newly proposed genera cyclovirus (66,
67). Further studies are required however to confirm X. Ge et al. (66) experimental
findings.

1.5.4 Chicken anaemia virus (CAV)
Anelloviridae Gyrovirus, Chicken anaemia virus (CAV) has a high incidence of
virus infection however, clinical disease is uncommon. Young chicks become infected
with vertical (egg) transmission from infected breeders. Breeders do not show clinical
signs of infection due to age resistance (68). First signs of acute disease can be seen in
progeny birds between 7 and 14 days old (10, 69). Associated with lymphoid depletion,
immunosuppression and developmental abnormalities are common of CAV infection
(70). Severe anaemia associated with CAV is of concern due to the immunosuppressive
nature of this clinical sign (71).
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The viral genome consists of a circular, non-enveloped negative sense ssDNA of
2.3 kb that contains three major ORFs encoding three protein; VP1, VP2 and VP3
(Figure 1.10) (10, 72). Viral protein 1 (VP1) is 51kDa in size and acts as a capsid
protein whilst VP2 is 24 kDa in size and acts as a structural/scaffold protein essential in
the assembly of the virus (72, 73). Viral protein 3 (VP3), also referred to as apoptin is
13kDa in size and is important in cell pathogenesis and apoptosis (68, 72, 74).

Chicken anaemia virus (CAV) induces cell death of chicken lymphoblastoid T
cells via apoptosis. Immunoassays and DNA analysis have confirmed that VP3 of CAV
genome is in fact expressed in CAV-infected cells (74). Studies conducted have also
shown that apoptin (VP3) is involved in CAV replication. This has been confirmed
through the trial of Virus-like Particle (VLP) production of CAV with and without VP3
present (68).

Figure 1.9 Schematic genome organisation of Chicken Anaemia Virus (CAV)
Three major ORFs, VP1, VP2 and VP3 are displayed above. Chicken Anaemia
Virus genome is 2319 bp in size (75).
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1.6 Mortality
Mortality rates vary widely between members of the both genera Circovirus and
Gyrovirus. Mortality rates of Porcine Circovirus 2 are up to 15%, believed to be much
higher for Porcine Circovirus 1 related diseases due to PCV-1 not being associated with
clinical signs (10). Little is known about the mortality rates of both Bat and Starfish
circoviruses. This may be due to more emphasis being placed on the Circoviridae
infected production animals due to the associated economic loss. In Gyrovirus, chicken
anaemia virus reportedly has a mortality rate of 10% though some believe this to be
higher due to the increased immune suppression and increase chance of secondary
infection by another virus (10, 71).

1.7 Transmission, Diagnosis &Treatments
Circoviruses and Gyroviruses are host specific or are believed to have a narrow
host range with faecal-oral transmission being the most common. However, vertical
transmission has been reported in some cases of infection (4, 51). In general, diagnosis
of Circoviridae diseases is based on detections of the virus via culture, polymerase
chain reaction (PCR) in situ hybridisation or detection of antibodies. However, some
clinical signs may aid in diagnosis (4, 10, 76, 77). Development of enzyme-linked
immunosorbent assay (ELISA) for the detection of serum with CAV antibodies has been
achieved but is not widely used due limitations of the test. The test is specific to CAV
therefore limits other condition that can be tested in the same ELISA (78). Earlier in
2017, multiplex quantitative real-time polymerase chain reaction was found to be a rapid
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and reliable method for the detection and differentiation of PCV-2 and PCV-3 in the field
(79).

There are few known treatments for Circoviridae infection in animals therefore
prevention and/or vaccinations represent the best treatment method for all (4, 58, 80).

1.8 Prevention methods
Prevention of infection with CAV can be achieved with the build-up of antibodies
within the breeder flocks before they come to an age of point of lay. This will avoid
vertical transmission of the virus and should avoid faecal oral transmission as birds will
possess maternal derived antibodies (MDA) at hatch. Seroconversion is a period of time
in which antibodies develop and become detectable. This can be achieved through the
use of live vaccines (10).

Prevention of circoviruses, such as PCV-1 and 2 has reportedly only been
achieved through vaccination or sows and piglets. Introduction of PCV-2 vaccines into
North America in 2006 and consequently other countries has resulted in a dramatic fall
of mortality associated with PCV-2 (56, 81). Concern; however have been raised over
the change in genotype of the virus, believed to be as a result of the vaccine. This has
been shown by published works and field work showing the failure of the PCV-2 vaccine
in light of the emerging genotypes. Some believe this failure in vaccine and adaptation
of the virus is a result of conditioning of the virus due to the widespread use of the PCV2 vaccine(56)
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1.9 Conclusion and project aims
The main objective of the following experiments was to:

1. Characterise the structure of BCV X with and without DNA using crystallography
2. Design and test recombinant expression constructs of Starfish Cap protein
3. Test recombinant expression of PCV-3
4. Test recombinant expression of CAV
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Structural and Functional Insights into
Animal Circoviruses and Gyroviruses

Bec Barnewall
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2.0 Research Paper

2.1 Introduction

The virus families of Circoviridae and Anelloviridae possess a circular genome,
enclosed in a small and simple isohedral capsid (1-3). Present worldwide ad infecting a
large range of host species, new virus specie are constantly being discovered and
assigned to these families (6-9).Viruses from both families can infect a range of
animals, both domestic and wild, and the economic impact associated with Circoviridae
and Anelloviridae diseases are significant (6, 10) There are few known treatments for
Circoviridae and Anelloviridae infection in animals therefore prevention and/or
vaccinations represent the best treatment method for all (4, 58, 80).

The recent reclassification of the Circoviridae family into two genera, Circovirus
and Cyclovirus highlights out ever-growing knowledge on virus diversity within these
families. Prior to 2017, Gyrovirus were grouped within the Circoviridae family(3-5),
however, this genus was recently reassigned under the Anelloviridae family (6). The
genomic organisation of Circoviruses, Cycloviruses and Gyroviruses is represented in
Figures 1.1, 1.2 and 1.3 respectively.

This study will focus on the expression and purification of the structural capsid
protein in animal viruses. These viruses will include; Chicken Anaemia Virus (CAV), Bat
Associated Circovirus (BCV), Porcine Circovirus 3 (PCV-3) and Asterias forbesiassociated circular virus (AfaCV). The literature review provides an assessment and
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analysis of a wide range of studies that have been undertaken in relevant areas of
virology, and structural biology as well as identifying gaps in the literature that will be
addressed in this study.
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2.2 Materials and Methods
2.2.1 Materials
All media, buffers and solutions were prepared using reverse osmosis, deionised
water (See Table 2.1 and Table 2.2). Unless otherwise stated all chemicals and
reagents were purchased from Sigma-Aldrich. Equipment used is outlines in Table 2.3.
All proteins were inserted in the vector outline in Table 2.4.

Table 2.1 Buffers used for protein analysis and purification
Buffer

Composition

pH (if applicable)

Caps Buffer A

20mM CAPS; 500mM NaCl; 50mM
Imidazole

10.5

Caps Buffer B

20mM CAPS; 500mM NaCl; 500mM
Imidazole

10.5

Caps Buffer C

20mM CAPS, 500mM NaCl; 200mM LArginine

10.5

Phosphate Buffer

50mM Phosphate Buffer (0.0466 moles
Na2HPO4 + 0.0034 moles NaH2PO4)

HIS (Nickel) Buffer A

50mM Phosphate buffer; 300mM NaCl;
20mM Imidazole

8

HIS (Nickel) Buffer B

50mM Phosphate buffer; 300mM NaCl,
500mM Imidazole

8

GST Buffer A

50mM Trizma; 125mM NaCl

8

Exchange Buffer

0.5M Trizma, 125mM NaCl

pH to difference
pH with HCl and
NaOH

Caps Buffer A+ Larginine

20mM CAPS; 500mM NaCl; 50mM
Imidazole;500mM L-arginine

10.5
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8M Urea

8M Urea

GuHCl

1M GuHCl, 0.5% Triton

Caps Buffer A high
salt

20mM CAPS; 500mM NaCl; 50mM
Imidazole;1.5M NaCl

HIS (Nickel) Buffer A
+ 8M Urea

50mM Phosphate buffer; 300mM NaCl;
20mM Imidazole; 8M Urea

GST Buffer A + 2M
Urea

50mM Trizma; 125mM NaCl; 2M Urea

HIS (Nickel) Buffer A
+ 200mM L-Arg

50mM Phosphate buffer; 300mM NaCl;
20mM Imidazole; 200mM L-Arginine

6M GuHCl

6M GuHCl

1M GuHCl
solubilisation buffer

1M GuHCl, 0.5% Triton, 50mM Trizma,
250mM NaCl

GST Buffer A + Urea
+ SDS

50mM Trizma; 125mM NaCl; 8M Urea; 1%
SDS

8

GST Buffer A + 1%
SDS

50mM Trizma; 125mM NaCl; 1% SDS

8

HIS (Nickel) Buffer A
+ 1% SDS

50mM Phosphate buffer; 300mM NaCl;
20mM Imidazole; 1% SDS

8

HIS (Nickel) Buffer B
+ 1% SDS

50mM Phosphate buffer; 300mM NaCl,
500mM Imidazole; 1% SDS

8

20× BOLT© MES
SDS Running Buffer

1-5% Sodium Lauryl sulphate

Biorad Precision
Plus Protein TM
Standards

30% (w/v) glycerol; 2% SDS; 62.5mM
Trizma; 50mM DTT; 5mM EDTA; 0.02%
NaN3; 0.01% Bromophenol blue

10.5

6.8
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Table 2.2 Reagent Stock Solution Compositions
Stock Solution

Composition

20× NPS

0.5M(NH4)2SO4; 1M KH2PO4; 1M Na2HPO4

50×5052

10% glucose; 10% αNlactose; 15% glycerol

NaCl

2.852M NaCl

Expression Media/LB
Media

5% Tryptone; 2.5% Yeast

Coomassie Blue Stain

0.2% Coomassie brilliant blue R-250; 40% Ethanol; 10%
Glacial acetic acid

Destain Solution

10% Glacial acetic acid; 10% Ethanol

Table 2.3 Equipment
Equipment

Use

GE FPLC

Affinity and size exclusion chromatograph; Fast protein liquid
Chromatography

Beckman Centrifuge

Centrifuge to separate samples

Ratek Orbital

Aeration and mixing of samples

Orbital Incubator

Temperature control for starter culture with mixing

-80˚C Freezer

Storage of samples; purified proteins, competent cells, glycerol
stocks

-20˚C Freezer

Storage of samples; cell pellets, plasmids stocks, reagents,
soluble cell extracts

Precast 4-12% BIS
TRIS gel

SDS-PAGE

BOLT© Mini Gel Tank

SDS-PAGE
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Australian
Synchrotron Puck

Transport of protein crystals to Australian Synchrotron and
storage of samples at beam line

Tomy Autoclave

Sterilisation of rubbish, tips, tubes, flasks, buffers and reagents

Bio Rad gel imaging
system

Imaging of SDS-PAGE gels

Heat block

Denaturation of protein samples to be analysed by SDS-PAGE

Vortex

Mix solution

Agar Plates

Plate out transformed cells in order to isolate colonies

Spreaders

Spread transformed cells onto agar plates

23˚C Incubator

For crystal plates

37˚C Incubator

For growth of transformed cells overnight

Table 2.4 Primary Structure of Target Proteins
Protein

Amino Acid Sequence

kDa

pI

BCV NLS

MVYRRRRGRGRRARPMSSLGRLLYRKPWLMHPRFRARYRWRRKN
GITNLRLTRQVELWVPKDAANASFYVNHYTFDLDDFIPAGTQLNSSP
LPFKYYRIRKVKVEFQPRLPITSPFRGYGSTVPILDGAFVTPATGESD
PIWDPYINFSGRHVIRTPAWYHKRYFTPKPLIDGNTGFFQPNNKQNA
LWFPNKQGQNIQWSGLGFAMQKGNEAYNYQVRFTLYVQFREFDLF
NNKYTAHMDVPL

29

10.63

KNGITNLRLTRQVELWVPKDAANASFYVNHYTFDLDDFIPAGTQLNS
SPLPFKYYRIRKVKVEFQPRLPITSPFRGYGSTVPILDGAFVTPATGE
SDPIWDPYINFSGRHVIRTPAWYHKRYFTPKPLIDGNTGFFQPNNKQ
NALWFPNKQGQNIQWSGLGFAMQKGNEAYNYQVRFTLYVQFREFD
LFNNKYTAHMDVPL

23

9.54

(1-243)

BCV X
(42-243)

CAV VP1
(1-447)

RRARRPRGRFYAFRRGRWHHLKRLRRRYKFRHRRRQRYRRRAFR 52
KAFHNPRPGTYSVRLPNPQSTMTIRFQGVIFLTEGLILPKNSTAGGYA
DHMYGARVAKISVNLKEFLLASMNLTYVSKLGGPIAGELIADGSKSQ
AAENWPNCWLPLDNNVPSATPSAWWRWALMMMQPTDSCRFFNH
PKQMTLQDMGRMFGGWHLFRHIETRFQLLATKNEGSFSPVASLLSQ
GEYLTRRDDVKYSSDHQNRWRKGEQPMTGGIAYATGKMRPDEQQ
YPAMPPDPPIITSTTAQGTQVRCMNSTQAWWSWDTYMSFATLTALG
AQWSFPPGQRSVSRRSFNHHKARGAGDPKGQRWHTLVPLGTETIT

10.64
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DSYMGAPASEIDTNFFTLYVAQGTNKSQQYKFGTATYALKEPVMKS
DSWAVVRVQSVWQLGNRQRPYPWDVNWANSTMYWGSQP

CAV VP1
X
(51-447)

CAV VP1
XL
(MMC aa
30-42 +
CAV VP1
X 51-447)

PCV-3
(1-214)

AfaCV
NLS
(1-347)

PGTYSVRLPNPQSTMTIRFQGVIFLTEGLILPKNSTAGGYADHMYGA 45
RVAKISVNLKEFLLASMNLTYVSKLGGPIAGELIADGSKSQAAENWP
NCWLPLDNNVPSATPSAWWRWALMMMQPTDSCRFFNHPKQMTLQ
DMGRMFGGWHLFRHIETRFQLLATKNEGSFSPVASLLSQGEYLTRR
DDVKYSSDHQNRWRKGEQPMTGGIAYATGKMRPDEQQYPAMPPD
PPIITSTTAQGTQVRCMNSTQAWWSWDTYMSFATLTALGAQWSFP
PGQRSVSRRSFNHHKARGAGDPKGQRWHTLVPLGTETITDSYMGA
PASEIDTNFFTLYVAQGTNKSQQYKFGTATYALKEPVMKSDSWAVV
RVQSVWQLGNRQRPYPWDVNWANSTMYWGSQP

9.44

YRRRRRHFRRRRF51PGTYSVRLPNPQSTMTIRFQGVIFLTEGLILPK
NSTAGGYADHMYGARVAKISVNLKEFLLASMNLTYVSKLGGPIAGEL
IADGSKSQAAENWPNCWLPLDNNVPSATPSAWWRWALMMMQPTD
SCRFFNHPKQMTLQDMGRMFGGWHLFRHIETRFQLLATKNEGSFS
PVASLLSQGEYLTRRDDVKYSSDHQNRWRKGEQPMTGGIAYATGK
MRPDEQQYPAMPPDPPIITSTTAQGTQVRCMNSTQAWWSWDTYM
SFATLTALGAQWSFPPGQRSVSRRSFNHHKARGAGDPKGQRWHT
LVPLGTETITDSYMGAPASEIDTNFFTLYVAQGTNKSQQYKFGTATY
ALKEPVMKSDSWAVVRVQSVWQLGNRQRPYPWDVNWANSTMYW
GSQP

47

9.95

RHRAIFRRRPRPRRRRRHRRRYARRRLFIRRPTAGTYYTKKYSTMN
VISVGTPQNNKPWHANHFITRLNEWETAITFEYYKILKMKVTLSPVIS
PAQQTKTMFGHTAIDLDGAWTTNTWLQDDPYAESSTRKVMTSKKK
HSRYFTPKPLLAGTTSAHPGQSLFFFSRPTPWLNTYDPTVQWGALL
WSIYVPEKTGMTDFYGTKEVWIRYKSVL

25

10.93

MPRNTRRRTGRSRRRRTLRRGYRKFTGGRGITKEHDRTNIYYKKRM 39
PRFKKRRWRRFSKKVQNVSEKDLGTQTVVFNDQIETGDFFNSDGLI
TGSATLCLYSMNGSEVPYNDLAVMMNNLNFAAPTVDLGTTKYRTSK
VIFKSAVFDLTLTNTSYDRIGGVNNIEAAYSLEVDIHTVVIKKGARDLD
FISGTLAEKGLKTIDKMIEVAEKEVRPIGGDDSKIFNTTKAKFNRGGTL
WDVPHALSLFGMKILSKKKYFIPGGATITYQMRDAKRRVMVPQFNM
LGVNKPGWTKFLYITYKLVPGVGVIGQDENVPTQIRTRLSVGVTRKY
SYKIEGQNDVRDNYNPDL

10.18
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Table 2.5 Description of Vector
Vector

Description

pMCSG21

Vector encodes spectinomycin resistance,
T7 promoter and lac operon. Also encodes
N-terminal HIS tag with TEV cleavage site

Table 2.6 E. coli strain used
Escherichia coli strain

Description

Rosetta 2 (DE3)

Cell has chloramphenicol resistance and
expression is driven by a T7 promoter
which is repressed until IPTG induction
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2.2.2 Methods
2.2.2.1 DNA methods

2.2.2.1.1 Transformation of competent E. coli cells
Transformation of competent E. coli [Rosetta 2(DE3)] (Novagen, USA) cells was
achieved through the heat shock method. One microliter (1 μL) of plasmid vector was
added to 50 μL of competent cells and incubated on ice for 30 min. Cells were then
placed in a water bath at 42 ºC for 45 s, to achieve heat shock, and returned to ice for a
further 2 min. Two hundred and twenty five microliters (225 μL) of room temperature
Luria-Bertani (LB) media was added to the cells and this suspension was incubated 1 h
at 37 ºC and 225 rpm. After recovery, 50 μL of transformed cells were selectively
cultured on LB agar containing the antibiotic that complemented the resistance of the
plasmid vector. Agar plates were then incubated overnight at 37 ºC.

2.2.2.1.2 Amplification and Extraction of Plasmids
Extraction of plasmids occurred from QIAprep Miniprep kits as per
manufacturer’s instructions.

2.2.2.2 Large-scale Recombinant Protein Expression Methods

In order to produce the large amount of protein required for crystallography,
recombinant DNA technologies and expression methods were utilised. Two methods of
protein expression procedures were utilised. This was due to the difference in protein
yields obtained from different protein.
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2.2.2.2.1 Starter cultures
In order to perform large scale expression, high cell densities in the log growth
phase are required to be inoculated into expression media in large baffled flasks. High
cell numbers was achieved by starter culture that was prepared using single colony
from transformation plates. Isolated colonies were extracted from the transformation
plate by touching with a pipette tip. This tip was then placed in a 50 mL falcon tube
containing 5 mL LB broth containing the appropriate antibiotic. This starter solution was
grown overnight at 37 ˚C at 225 rpm.
2.2.2.2.2 Auto-Induction Methods
The auto-induction method automatically induces protein expression. This is
achieved as E. coli cells saturate the growth media and convert energy source from
glucose to lactose. As suggested by the name, this method does not require constant
monitoring, addition of inducing agents nor heating to initiate expression. That is
expression will commence automatically as E. coli cell take up lactose as an energy
source. This results in inhibition of the repressor at the lac operon sequence, allowing
T7 polymerase to commence gene expression.
For an overnight culture, 500 μL of the appropriate antibiotic stock was added to
each 2 L sterile baffled flask. To which; 25 mL of 20× NPS, 10 mL of 5052, 500 μL of
MgSO4 and 470 mL of LB expression media were also added. The flasks were covered
with sterile foil and incubated at room temperature on a platform orbital for 24 h at 90
rpm.
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The cells were then harvested via centrifugation at 18˚C and 6000 rpm, with the
supernatant decanted into waste media bottles and autoclaved. The cell pellet is
resuspended in buffer corresponding to the affinity tag encoded by the plasmid, i.e. HIStagged protein were resuspended in HIS (Nickel) Buffer A, Bat Circovirus is an
exception and is resuspended in Caps Buffer A. Resuspended cells were places in a 50
mL Falcon, so that each Falcon tube contained cells resuspended from 2 L of
expression media. Tubes were appropriately labelled and stored in -20 ˚C freezer.
2.2.2.2.3 IPTG Method
Where production of high yields was not successful through auto-induction
method as described in 2.2.2.2.2, isopropyl-β-D-thiogalactopyranoside (IPTG) methods
was used. This technique involved induction of protein expression by addition of IPTG
at an optical density (OD) of 0.6-0.8.
For an overnight culture, 500 μL of the appropriate antibiotic stock was added to
each 2 L sterile baffled flask. To which 30 mL of NaCl (5 g/30 ml) and 470 mL of LB
expression media were also added. The flasks were covered with sterile foil and
incubated on a platform orbital at 37 ˚C and 90 rpm until the content reached an OD600
between 0.6 and 0.8. Protein expression was then induced by addition of 500 μL of 1 M
IPTG. This is an inducer that binds the lac repressor and enables the T7 polymerase to
being protein expression. Induced cells were incubated at room temperature and 90
rpm overnight.
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Similar to the auto-induction methods, following expression, the cells were then
harvested via centrifugation at 18 ˚C and 6000 rpm, with the supernatant decanted into
waste media bottles and autoclaved. The cell pellet is resuspended in buffer
corresponding to the affinity tag encoded by the plasmid, i.e. HIS-tagged protein were
resuspended in HIS (Nickel) Buffer A, Bat Circovirus is an exception and is
resuspended in Caps Buffer A. Resuspended cells were places in a 50 mL Falcon, so
that each Falcon tube contained cells resuspended from 2 L of expression media.
Tubes were appropriately labelled and stored in -20 ˚C freezer.
2.2.2.3 Protein Purification Methods
2.2.2.3.1 Solubilisation of inclusion bodies (82)
The formation of inclusion bodies, especially in E. coli, is often the result of the
protein being insoluble or fast expression that leads to improper folding and formation
(83). Solubilisation of inclusion bodies can be achieved through addition of detergent to
the buffer and altering the pH. Resuspended cells, retrieved from the -20˚C freezer were
subject to two freeze/thaw cycles. Following this 1 mL of lysozyme (20 mg/mL, Sigma
Aldrich, USA) was added to lyse the cell wall, followed by the addition of 10 μL DNase
(5 μ/mL, Invitrogen, USA). This was added to degrade the DNA and reduce viscosity of
the sample. Samples were incubated at room temperature for 30 mins. The sample
extract was centrifuged at 12000 rpm for 30 min at 18 ˚C in order to remove cell debris.
Supernatant was then tipped off into a 50 mL falcon tube and stored in the cold store.
The cell pellet in the bottom of the centrifuge tube was then resuspended in a
solubilisation buffer, see Table 2.1 (buffers Caps Buffer A + L-Arginine to His (Nickel)
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Buffer B + 1% SDS). Resuspended pellet was then incubated at room temperature for
at least 1 hr.

After incubation The sample extract was centrifuged at 12000 rpm for 30 min at
18 ˚C in order to remove cell debris. Further clarification of supernatant was achieved
by 0.45 μL syringe filter. If successful solubilisation occurred, which was check with
SDS-PAGE, the supernatant could then be loaded onto one of the below
chromatography purifications.

During the purification process sample were removed for analysis by SDSPAGE. In this case, 10 μL of the resuspended sample after incubation with DNase and
lysozyme(WC) were added to eppendorf tube containing 90 μL of 2× Tris-Glycerine
SDS-PAGE buffer. Ten microliters of pellets, that resulted after each centrifugation was
also added to eppendorf tube containing 90 μL of 2× Tris-Glycerine SDS-PAGE buffer.
A volume of 20 μL of all supernatants that were produced during the above
solubilisation procedure were added to eppendorf tube containing 90 μL of 2× TrisGlycerine SDS-PAGE buffer.

2.2.2.3.1.1 Ethanol wash when using Guanidine Hydrochloride as a detergent (84)
Due to guanidine HCL precipitating with SDS, it is necessary to remove the
former before undergoing a SDS-PAGE analysis of the sample. Removal is achieved by
washing the sample with ethanol. A volume of 225 μl of cold (0˚-4˚C) 100% ethanol is
added to 25 μl of sample, which contains the protein of interest. The sample is then
mixed by vortexing, and chilled for 10 mins at -20˚C. Centrifuge the sample in
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microcentrifuge tube at ~ 15,000 rpm for 5 mins, at 4˚C. Careful withdrawal of the
supernatant after centrifugation is required as it may be difficult to see the pellet.
Resuspend the pellet in 250 μl of 90% ethanol and mix thoroughly by vortexing.
Centrifuge the sample in microcentrifuge tube at ~ 15,000 rpm for 5 mins, at 4˚C. The
supernatant was then withdrawn by pipetting and the pellet resuspended in 2× SDS
Buffer. The sample was then prepared, as per 2.2.2.5, for analysis by SDS-PAGE.

2.2.2.3.2 Nickel Affinity Chromatography for Purification of His-tagged Proteins
Purification of His-tagged proteins from E. coli extracts was achieved through
nickel affinity chromatography. Firstly, suspended cells were subject to two freeze/thaw
cycle. Following this 1 mL of lysozyme (20 mg/mL, Sigma Aldrich, USA) was added to
lyse the cell wall, followed by the addition of 10 μL DNase (5 μ/mL, Invitrogen, USA).
This was added to degrade the DNA and reduce viscosity of the sample. Samples were
incubated at room temperature for 30 mins. The sample extract was centrifuged at
12000 rpm for 30 min at 18 ˚C in order to remove cell debris. Further clarification of
supernatant was achieved by 0.45 μL syringe filter.
Using a superloop and AKTA FLPC the soluble cell extract was then injected
onto a pre-equilibrated HIS-trap column, in HIS (Nickel) buffer A. Washing of the column
with 10 column volumes of HIS (Nickel) buffer A removed unbound proteins which was
then eluted with by applying a gradient elution of HIS (Nickel) buffer B for 5 column
volumes. Fractions of eluted protein were assessed by Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and combined into a 50 mL Falcon
tube.
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During the purification process sample were removed for analysis by SDSPAGE. In each case, 10 μL samples of whole cell (WC) were added to eppendorf tube
containing 90 μL of 2× Tris-Glycerine SDS-PAGE buffer. For the soluble extract (SE)
and flow through (FT), 10 μL samples were added to eppendorf tubes containing 40 μL
2 × Tris-Glycerine SDS-PAGE buffers. All remaining elution samples of 20 μL were
added to 20 μL 2 × Tris-Glycerine SDS-PAGE buffers.
2.2.2.3.3 Nickel Affinity Chromatography for Purification of Bat Circovirus
Similar to the above protocol, Bat circovirus was purified by nickel affinity
chromatography, though changes in buffers and reagents should be noted.

Freeze/thawing of Bat samples were not undertaken due to the addition of
FastBreak Cell Lysis Buffer (1X; Promega. Following addition of 1 mL FastBreak Cell
Lysis Buffer (1X; Promega), for every 10 mL cell suspension, 1 mL of lysozyme (20
mg/mL) was added to lyse the cell wall, followed by the addition of 10 μL DNase (5
μ/mL). This was added to degrade the DNA and reduce viscosity of the sample.
Samples were incubated at room temperature for 30 mins. The sample extract was
centrifuged at 12000 rpm for 30 min at 18 ˚C in order to remove cell debris. Further
clarification of supernatant was achieved by 0.45 μL syringe filter.
Using a superloop and AKTA FLPC the soluble cell extract was then injected
onto a pre-equilibrated His-trap column, in Caps Buffer A. Washing of the column with
10 column volumes of Caps Buffer A removed unbound proteins which was then eluted
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with by applying a gradient elution of Caps Buffer B for 5 column volumes. Fractions of
eluted protein were assessed by SDS-PAGE and combined into a 50 mL Falcon tube.

Samples were collected for analysis by SDS-PAGE as above (see 2.2.2.5)

2.2.2.3.4 Size Exclusion Chromatography
Size exclusion chromatography was undertaken to further purify sample. This
was achieved with AKTA FPLC using s200 26/60 column from GE Healthcare. To
achieve appropriate sensitivity a sample of no more that 12mL was loaded using a
superloop. This was done onto a pre equilibrated column in GST A Buffer, at a flow rate
of 2.5 mL/min. In the case of bat sample, Caps Buffer C was used to equilibrate and run
size exclusion chromatography.

Size exclusion works on the principle of separation based on size of proteins.
That is the larger proteins are eluted early whilst the smaller protein are slowed down as
they get trapped within the bead of the column.

Fractions were collected once the UV level reached an absorbance of 20 mAU,
with samples being collected for analysis by SDS-PAGE. Protein fraction samples of 20
μL were added to 20 μL 2x Tris-Glycerine SDS Page buffer. Collected fractions
containing pure protein were combined and concentrated using a 10 kDa 15 mL Amicon
centrifuge tube as per manufacturers’ protocol. The samples was concentrated to
concentrations of 10 mg/mL as measure on Nanodrop machine and stored in 25 μL
aliquots at -80 ˚C.
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2.2.2.4 Protein Crystallisation Methods
2.2.2.4.1 Sparse-matrix hanging-drop vapour diffusion method
Preliminary crystallisation trails were carried out via the sparse-matrix hangingdrop vapour-diffusion method. This was performed by adding 300 μL of commercial
crystallisation screen into the corresponding reservoirs of pre-greased48 well plates
supplied by Hampton Research. Crystal screen used included; Crystal Screen 1
(Hampton), Crystal Screen 2 (Hampton), Peg Ion 1 (Hampton), Peg Ion 2 (Hampton),
Proplex 1 (Molecular Dimensions), Proplex 2 (Molecular Dimensions), Pact Premier 1
(Molecular Dimensions), Pact Premier 2 (Molecular Dimensions). The reservoir solution
was mixed in a 1:1 ratio of protein to reservoir solution onto a coverslip and inverted
over the corresponding reservoir.

In the case of Bat circovirus trial, DNA was mixed with purified Bat X (8 mg/mL)
in a 1:2 ratio of DNA to protein. This mixture was then mixed in a 1:1 ratio of protein
DNA solution to reservoir solution onto a coverslip. On the same coverslip a drop of
protein (without DNA added) and reservoir solution mixed in a 1:1 ratio was also
labelled with the coverslip then being inverted on the corresponding reservoir.

2.2.2.4.2 Optimisation of Crystal Screening
If small crystals were identified from sparse-matrix hanging-drop vapour-diffusion
screening, optimisation plates were set as described in 2.2.2.4.1. The reservoir
containing the crystal screen was however replaced with a solution containing modified
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concentrations of the buffer, precipitant and salt. This was done in an attempt to
improve the crystal quality, size and more importantly its diffraction.

2.2.2.4.3 Preparation of Protein crystal for X-ray Diffraction Data Collection
Cooling of crystals first required identification of a suitable cryoprotectant in order
to prevent the crystal from being damaged by ice crystals. To find these suitable
conditions, a cryoprotectant was screened based on the condition the protein crystal
formed in, contained difference percentages of glycerol 20-30%. An appropriate
cryoprotectant was chosen by using the minimum amount of glycerol required to protect
the crystal during freezing, as too much glycerol can dissolve the crystal and/or affect
diffraction. The protein crystal was then extracted from the hanging drop, by mounting
on a Hampton crystal loop, placed in cryoprotectant and flash frozen with liquid
nitrogen. The crystal loop, containing the protein crystal was then placed into an
Australian Synchrotron crystal puck which was transferred to a liquid nitrogen transport
dewar for transport to the Australian Synchrotron.

2.2.2.4.4 Collection, Processing and Structure Solving of X-ray Diffraction Data
Diffraction data was collected at the Australian Synchrotron on the MX1 and MX2
macromolecular crystallography beamline (source-03BM1 and 03ID1, respectively).
Data was processed using iMosFlm (85), where the images of diffraction were indexed
and integrated; and then scaled, phased and refined using CCP4 suite, using AIMLESS,
Phaser and REFMAC respectively (86-88).
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2.2.2.5 Protein Visualisation by SDS-PAGE
In order to assess the purity and composition of protein samples, SDS-PAGE
was undertaken. Preparation of samples was achieved through addition of 2× SDS
loading buffer with a 1:9 dilution for whole cell, 1:4 dilution for soluble extract and FPLC
flowthrough and a 1:1 dilution for all other samples. Samples were then heated to 100
˚C for 2 min using a heating block, then vortexed for 1 minute. Centrifugation was then
undertaken for 1 min at 10,000 rpm to make sure sample was at the bottom of the
eppendorf tube before loading.

A 12 well precast gel (4-12% BIS TRIS) was rinsed with deionised water ad
clamped into a BOLTTM electrophoresis unit. BOLT running buffer (Novex) of 15 mL was
diluted in 300 mL deionised water. The solution was then poured into both side of the
BOLT tanks, ensuring sample wells of the precast gel were covered with solution.
Protein marker, Biorad Precision Plus Protein TM Standards (20 μL), was loaded into the
first loaded into the first well. Protein samples were then loaded into subsequent well,
10 μL each. Once samples were loaded, electrophorese was undertaken for 30 min at
160 V.

Following electrophoresis, the gel was removed from the pre-cast plate and
washed in deionised water to remove excess running buffer. In order to visualise the
proteins, a staining process was then undertaken. The gel was stained by incubating
with Coomassie stain for 5 min. The stain was then removed and the gel washed with
deionised water to remove excess stain. The gel was places in de-stain solution for 30
min, with the de-stain buffer being replaced every 30 min until all background
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Coomassie stain was removed, revealing protein bands. The gel was then place in
deionised water. Imaging of the gel was achieved by using Bio Rad imaging system with
the Coomassie stain protein gel setting.
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2.3 Results
In order to characterise the structure of capsid proteins from Bat, Starfish,
Porcine (PCV-3) and CAV, these genes encoding these proteins were synthesised and
codon optimised by GenScript (Hong Kong). All target genes for the study were cloned
into the pMCSG21 plasmid vector at SspI site (89)(see Figure 2.1) using ligation
independent cloning (LIC) (91). Ligation independent cloning relies on the generation of
large single-stranded overhangs (or “sticky ends”) by the T4 DNA polymerase. This
method does not require specific DNA restriction on the gene insert or ligation and is
highly efficient and cost effective (92).

Recombinant expression of the Cap targets was performed using transformed E.
coli BL21 (DE3-Rosetta 2), and one of two different expression systems, IPTG or autoinduction, as per methods 2.2.2.2.3 and 2.2.2.2.2, respectively. In all cases, expression
from the pMCSG21 vectors produced a recombinant 6-His fusion protein with a TEV
cleavage site, allowing efficient purification of the target protein.
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Figure 2.1 Schematic comparison of BCV and BCV X, and BCV X used as an
example for cloning into pMCSG21 expression vector
Schemtic diagram of the Cap protein target in the BCV part of this study, cloned into
the SSP1 cloning site of pMCSG21 for recombinant expression. The horizontal bar
represents the difference between the full length construct and that used in the
study. The original ARM domain of BCV is depicted in a red domain. Species
Genbank accession number of the genome is shown at the top of the diagram. While
the numbers on the right side denotes the length of each Cap protein.
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2.3.1 Bat Associated Circovirus (BCV)
Recombinant expression of the BCV Cap protein was performed using optimised
expression vector (pMCSG21), E. coli BL21 (DE3-Rosetta 2), and expression media
IPTG as per method 2.2.2.2.3. This expression media was chosen as it had already
been successfully used for expression of BCV construct in the laboratory. Prior to this
study it was unknown if a capsid protein without an ARM domain would form a VLP in
the presence of single-stranded DNA.

The solving of the full length BCV X-ray crystal structure in our laboratory in 2017
provided a structural basis for the formation of VLPs by BCV constructs (91).

The aim of this project was therefore to characterise the structure of BCV X in the
presences of single-stranded DNA, and compare its structure with the previously
determined BCV crystal structure solved in the Forwood laboratory in 2016.

2.3.1.1 Expression and Purification of Bat X Circovirus
To test the ability of BCV X (Capsid protein devoid of xxxx N-terminal residues)
to form VLPs in the presence of single stranded DNA, large quantities of BCVX were
recombinantly expressed and purified. A band corresponding to the correct molecular
weight of BCV X (23 kDa) was clearly overexpressed in the whole cell extract (See
Lane 2 of Figure 2.2C). The following lane, Lane 3 of Figure 2.2C, demonstrates that
the protein is mostly soluble due to its presence in the “soluble-extract’ sample, which
was prepared by centrifugation of the whole cell lysate to remove insoluble material.
The soluble extract was injected onto the HIS-trap affinity column using an AKTA FPLC
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(Figure 2.2A), thus allowing adsorption and consequent purification. The flow through
from the affinity column, lane 4 Figure 2.2C, indicates the BCV X was bound to the
column. The subsequent elution peak, lane 6 Figure 2.2C corresponding to Figure 2.2A,
displays a predominant band corresponding to the correct molecular weight of BCV X.

The purified sample was then injected onto an S200 size exclusion
chromatography column (Figure 2.2B) to separate the different particle sizes of BCV X
and any other non-specifically bound proteins. Separation of peaks in the size exclusion
graph, Figure 2.2B displays separation of elution of BCV X target protein due to size.
The first peak in Figure 2.2B, eluting between 100 and 150 mL is typical for that of large
VLP complexes since VLP particles contain 60 copies of the protein (or some 1,380
kDa) and pass through the column quickly. This is compared to the second peak which
formed between 200 and 250 mL, indicating that these particles were smaller in size
thus taking longer to elute through the column. The third peak elutes after 300 mL,
which from previous purifications in the laboratory indicates this peak is representative
of contaminants such as buffers, peptides, and/or small molecular weight compounds.
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A)

B)

C)
Figure 2.2 Affinity and Size exclusion chromatography of Bat X expressed via
IPTG and resuspended in Caps Buffer A, with corresponding SDS-PAGE
analysis
A) HIS-trap purification of Bat X UV trace (red), eluent (orange). B) Size exclusion
purification of Bat X with UV trace (orange). C) SDS-PAGE visualisation of
PMCSG21 Bat X; Lane 1 Marker, Lane 2 Whole Cell, Lane 3 Soluble Extract, Lane 4
Flowthrough, Lane 5 affinity column fraction 17, Lane 6 affinity column fraction 1725, Lane 7 affinity column fractions 17-25 concentrated to 0.9 mg/ml, Lane 8 empty,
Lane 9 S200 peak 1, Lane 10 S200 peak 2, Lane 11 S200 peak 3, Lane 12 S200
peak 2 concentrated. The red box outlines the calculated molecular weight of BCV
X, 25 kDa.
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2.3.1.1.1 Crystallography trials of Bat X
Purified BCV X from section 2.3.1.1 was used to set up a crystal screen as per
method 2.2.2.4.1. A drop containing DNA was mounted next to a control drop of BCV
without DNA in this hanging drop protocol. Crystals were obtained by using crystal
screen Proplex 1 (Molecular Dimensions), with no optimisation prior to diffraction
undertaken. Large crystals (see Figure 2.3A) were flash cooled and diffracted at the
Australian Synchrotron.

The diffraction of BCV X + DNA, obtained in 0.2 M sodium acetate, 0.1 M sodium
citrate pH 5, with 20% glycerol as a cryoprotectant, diffracted to a resolution of 4.3 Å
(Figure 2.4). The scaling and refinement statistics for BCV X + DNA are outline in Table
2:7.
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A)

B)

C)

Figure 2.3 Crystals of Bat X + DNA
A) Protein crystals in hanging drop, B) mounted protein crystal, C) X-ray
diffraction image
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Figure 2.4 Diagram of T=1 icosahedral assembly from BCV X + DNA capsid
structure as determined by X‐ray
Three-dimensional surface map reconstruction of BCV X, capsid showing
pentameric subunit assemblies, with each colour representing one of the 60
proteins that make up the capsid.
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Table 2.7 BCV X + DNA data collection and refinement statistics
Data Type

Statistics

Wavelength
Resolution Range
Space Group
Unit cell
Total reflection
Unique reflection
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC 1/2
CC*
Reflections used in refinement
Reflections used for R-free
R-work
R-free
CC (work)
CC (free)
Number of non-hydrogen atoms
Macromolecules
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
Macromolecules

20 - 4.31 (4.462 - 4.31)
P 42 21 2
285.16 285.16 239.64 90 90 90
132482 (13086)
66241 (6543)
2.0 (2.0)
98.82 (100.00)
8.80 (4.29)
90.23
0.07543 (0.1796)
0.1067 (0.254)
0.07543 (0.1796)
0.992 (0.837)
0.998 (0.955)
66241 (6543)
3311 (314)
0.1905 (0.2028)
0.2753 (0.2820)
0.943 (0.866)
0.875 (0.756)
46950
46950
5670
0.010
1.34
93.30
6.42
0.29
2.09
1.45
110.61
110.61

Stastics for the highest resolution sheel are show in parentheses ( )
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2.3.2 Chicken Anaemia Virus (CAV)
Recombinant expression of the Cap targets of CAV VP1, CAV VP1 X and CAV
VP1 XL were performed using optimised expression vector (pMCSG21), E. coli BL21
(DE3-Rosetta 2), and expression media IPTG. Construct CAV VP1 represent the full
length protein for the capsid-like protein (VP1) of CAV. The sequence of CAV VP1 X
differs from that of CAV VP1, in that the ARM Domain has been removed, whilst the
CAV VP1 XL sequences consisted of the minimal ARM Domain from Major Mitchell
Cockatoo (MMC) BFDV (See Figure 2.4). Prior to this study successful bacterial
expression of CAV and CAV constructs was not achieved in this or any other laboratory.

The aim of this project was therefore to test recombinant expression of the three
constructs.

Figure 2.5 Schematic comparison of CAV VP1, CAV VP1 X and CAV VP1 XL
Schemtic diagram of the Cap protein target in the CAV part of this study for
recombinant expression. Each horizontal bar represents differences from the full
length construct CAP VP1.The original ARM domain of CAV is depicted in a red
domain and an alternate ARM domain in CAV VP1 XL is the yellow region. Species
Genbank accession number of the genome is shown at the top of the diagram. While
the numbers on the right side denotes the length of each Cap protein.
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2.3.2.1 Expression and Purification Trials of CAV VP1, CAV VP1 X and CAV
VP1 XL
2.3.2.1.1 Expression and Purification trials of CAV VP1
To test recombinant expression, 4 L of CAV construct CAV VP1 was expressed
by IPTG and purified as per methods 2.2.2.2.3 and 2.2.2.3.2, respectively. A band
corresponding to the correct molecular weight of CAV VP1 (52 kDa) was not
overexpressed in the whole cell extract (See Lane 2 Figure 2.5B). The following lane,
lane 4 Figure 2.5B also demonstrates the lack of over-expressed soluble protein. The
soluble extract was injected onto the HIS-trap affinity column using an AKTA FPLC
(Figure 2.5A). The flow through from the affinity column contained few proteins at the
expected molecular weight (lane 5 Figure 2.5B). The subsequent elution peak lanes 6, 7
& 8 Figure 2.5B display the lack of a band at the correct molecular weight for CAV VP1.

Due to lack of overexpression in whole cell and production of only small
quantities of purified protein achieved through affinity chromatography, further
purification by size exclusion chromatography was not carried out.

Bands of overexpression at approximately 37 kDa and 15 kDa, in whole cell and
soluble cell extracts respectively, are believed to be E. coli proteins that are commonly
over-expressed. The band produced from the affinity elution at 25 kDa is believed to be
a contaminate protein.
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A)

B)
Figure 2.6 Affinity chromatography of CAV VP1 expressed via IPTG,
resuspended in Caps Buffer A, and corresponding SDS-PAGE analysis
A) HIS-trap purification of CAV VP1 UV trace (red), eluent (orange). B) SDS-PAGE
visualisation of CAV VP1; Lane 1 Marker, Lane 2 empty, Lane 3 Whole Cell, Lane
4 Soluble Extract, Lane 5 Flowthrough, Lane 6 HIS-trap fraction 13, Lane 7 HIStrap fraction 25, Lane 8 HIS-trap fraction 34. The red box outlines the calculated
molecular weight of CAV VP1, 52 kDa.
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2.3.2.1.2 Expression and Purification trials of CAV X
To test recombinant expression, 4 L of CAV constructs CAV VP1 X was
expressed by IPTG and purified as per methods 2.2.2.2.3 and 2.2.2.3.2, respectively. A
band corresponding to the correct molecular weight of CAV VP1 X (45 kDa) was clearly
overexpressed in the whole cell extract (see lane 3 Figure 2.6B). However, the lack of a
band at the correct molecular weight in the soluble extract, lane 4 Figure 2.6B,
highlights that the protein is not soluble. The soluble extract was injected onto the HIStrap affinity column using AKTA FPLC (Figure 2.6A), and the subsequent elution peaks
lanes 6 & 7 Figure 2.6B display a lack of a band at the correct molecular weight for CAV
VP1 X.

Due to overexpression in the whole cell but production of only small quantities of
purified protein achieved through affinity chromatography, further purification by size
exclusion chromatography was not carried out. The construct needs to first be
solubilised before carrying on with purification trials.
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A)

B)
Figure 2.7 Affinity chromatography of CAV VP1 X expression via IPTG,
resuspended in Caps Buffer A, and corresponding SDS-PAGE analysis
A) HIS-trap purification of CAV VP1 X UV trace (red), eluent (orange). B) SDSPAGE visualisation of CAV VP1 X; Lane 1 Marker, Lane 2 empty, Lane 3 Whole
Cell, Lane 4 Soluble Extract, Lane 5 Flowthrough, Lane 6 HIS-trap fraction 13,
Lane 7 HIS-trap fraction 34. The red box outlines the calculated molecular weight
of CAV VP1 X, 45 kDa.
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2.3.2.1.3 Expression and Purification trials of CAV VP1 XL
To test recombinant expression of the CAV VP1 XL construct, 4 L was expressed
by IPTG and purified as per methods 2.2.2.2.3 and 2.2.2.3.2, respectively. A band
corresponding to the correct molecular weight of CAV VP1 XL (47 kDa) was clearly
overexpressed in the whole cell extract (see lane 3 Figure 2.7B), however was not
soluble, as demonstrated by the absence of a band at the correct molecular weight in
the soluble extract (see lane 5 Figure 2.7B). The soluble extract was injected onto the
HIS-trap affinity column using an AKTA FPLC (Figure 2.7A), thus allowing adsorption
and subsequence purification. The flow through from the affinity column, lane 4 Figure
2.7B shows the majority of proteins seen in the soluble extract had bound to the
column. The subsequence elution peak collections lanes 6 & 7 Figure 2.7B display a
lack of a band at the correct molecular weight for CAV VP1 XL.

Due to overexpression in whole cell but production of only small quantities of
purified protein achieved through affinity chromatography, further purification by size
exclusion chromatography was not carried out. The construct needs to first be
solubilised before further purification trials.
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A)

B)
Figure 2.8 Affinity Chromatography of CAV VP1 XL expressed via IPTG,
resuspended in Caps Buffer A, and corresponding SDS-PAGE analysis
A) HIS-trap purification of CAV VP1 XL UV trace (red), eluent (orange). B) SDSPAGE visualisation of CAV VP1 XL; Lane 1 Marker, Lane 2 empty, Lane 3 Whole
Cell, Lane 4 Flowthrough, Lane 5 Soluble extract, Lane 6 HIS-trap fraction 13, Lane
7 HIS-trap fraction 34. The red box outlines the calculated molecular weight ofCAV
VP1 XL, 47 kDa.
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2.3.2.2 Initial solubility trials of CAV VP1 X and CAV VP1 XL
As a result of the over-expression in the whole cell extracts of CAV VP1 X and
CAV VP1 XL, and lack thereof for CAV VP1, it was decided to proceed with trails of
solubilisation of constructs X and XL.

Firstly, solubilisation trials were conducted using buffers and detergents that had
previously been used to solubilise protein in other projects in the laboratory.

2.3.2.2.1 Solubility Trial of CAV VP1 X
To trial solubility potential, small quantities of whole cell extracts of CAV VP1 X
were resuspended in buffers of various pH and different detergents. The protein was
incubated for 30 mins to allow break down of the whole cell extract, and a sample of the
whole cell extract was then collected for SDS analysis (as per 2.2.2.5). Following
centrifugation, the supernatant (soluble extract) was collected for SDS analysis (as per
2.2.2.5). The results of the trial are found in Figure 2.8. A band corresponding to the
correct molecular weight of CAV VP1 X (45 kDa) is observed in the majority of lanes in
Figure 2.9. The appearance of two bands running close together at approximately 45
kDa on the SDS-PAGE analysis highlight the necessity to run further experiments to
make certain which band is the target protein.
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Figure 2.9 SDS-PAGE analysis of CAV VP1 X solubility trials
SDS-PAGE visualisation of CAV VP1 X; Lane 1 Marker, Lane 2 Whole Cell (WC)
resuspended in Caps Buffer A, Lanes 3-8 WC resuspended in exchange buffer pH
5, 6.5, 7, 8, 9, & 10, respectively, Lane 9 WC resuspended in Caps Buffer A + LArginine, Lane 10 WC resuspended in 8M Urea, Lane 11 WC resuspended in
GuHCl, Lane 12 WC resuspended in Caps Buffer A High Salt, Lane 13 Soluble
Extract (SE) of Caps Buffer A treatment, Lanes 14-19 SE of exchange buffer
treatment pH 5, 6.5, 7, 8, 9, & 10, respectively, Lane 20 SE of Caps Buffer A + LArginine treatment, Lane 21 SE of 8M Urea treatment, Lane 22 SE of GuHCl
treatment, Lane 23 SE of Caps Buffer A High Salt treatment. See Table 2.1 for
composition of buffers. The red box outlines the calculated molecular weight of CAV
VP1 X, 45 kDa.
Solubility trials of CAV VP1 XL
Using a similar approach to CAV VP1 X, the solubility potential of CAV VP1 XL
was tested against various pH and detergents. The protein was allowed to incubate for
30 mins and a sample of the whole cell extract was then collected for SDS analysis (as
per 2.2.2.5). Following centrifugation, the supernatant (soluble extract) was collected for
SDS analysis (as per 2.2.2.5) and the results are presented in Figure 2.9. A band
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corresponding to the correct molecular weight of CAV VP1 XL (47 kDa) can be seen in
the majority of the lanes in Figure 2.9. The appearance of 2 bands running close
together at approximately 47 kDa on the SDS-PAGE analysis highlighted the necessity
to run further experiments to ascertain which band is the target protein

Figure 2.10 SDS-PAGE analysis of CAV VP1 XL solubility trials
SDS-PAGE visualisation of CAV VP1 XL; Lane 1 Marker, Lane 2 Whole Cell (WC)
resuspended in Caps Buffer A, Lanes 3-8 WC resuspended in exchange buffer pH
5, 6.5, 7, 8, 9, & 10, respectively, Lane 9 WC resuspended in Caps Buffer A + LArginine, Lane 10 WC resuspended in 8M Urea, Lane 11 WC resuspended in
GuHCl, Lane 12 WC resuspended in Caps Buffer A High Salt, Lane 13 Soluble
Extract (SE) of Caps Buffer A treatment, Lanes 14-19 SE of exchange buffer
treatment pH 5, 6.5, 7, 8, 9, & 10, respectively, Lane 20 SE of Caps Buffer A + LArginine treatment, Lane 21 SE of 8M Urea treatment, Lane 22 SE of GuHCl
treatment, Lane 23 SE of Caps Buffer A High Salt treatment. See Table 2.1 for
composition of buffers. The red box outlines the calculated molecular weight of CAV
VP1 XL, 47 kDa.
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2.3.2.3 Trials to determine if CAV VP1 X and CAV VP1 XL are within
inclusion bodies
Whilst the above approach was aimed at characterising the solubility of CAV
protein, we also made attempt to resolubilise the CAV proteins from inclusion bodies.
The formation of inclusion bodies, especially in E. coli, is often the result of the protein
being insoluble or fast expression that leads to improper folding and formation (83).
Solubilisation of inclusion bodies can be achieved through resuspension of the pellet
with the addition of detergent and/or chaotropic agents such as urea or guanidine
hydrochloride.

2.3.2.3.1 Solubility of CAV VP1 X from inclusion bodies trials
In order to determine if CAV VP1 X can be resolubilised from inclusion bodies,
small quantities of the whole cell extract were resuspended in buffers containing
different solubilising formulations (see Figure 2.10). Following incubation for 30 mins,
the sample was centrifuged and the supernatant (soluble extract) was collected for SDS
analysis (as per 2.2.2.5). The results of the trial are found in Figure 2.10. A band
corresponding to the correct molecular weight of CAV VP1 X (45 kDa) was not seen in
Figure 2.10. The failure of expected solubilisation by resuspension in 8 M Urea displays
inability to solubilise CAV VP1 X from inclusion bodies.
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Figure 2.11 SDS-PAGE analysis of solubilisation of CAV VP1 X from inclusion
bodies via resuspension of precipitate in different buffers or different
detergent origin and pH
SDS-PAGE visualisation of CAV VP1 X, Lane 1 Marker, Lane 2 Precipitate
resuspended in Caps Buffer A, Lanes 3-8 precipitate resuspended in exchange
buffer pH 5, 6.5, 7, 8, 9, & 10, respectively, Lane 9 precipitate resuspended in Caps
Buffer A + L-Arginine, Lane 10 precipitate resuspended in 8M Urea, Lane 11
precipitate resuspended in GuHCl, Lane 12 precipitate resuspended in Caps Buffer
A High Salt. See Table 2.1 for composition of buffers. The red box outlines the
calculated molecular weight of CAV VP1 X, 45 kDa.
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2.3.2.3.2 Solubility of CAV VP1 XL from inclusion bodies trials
A trial to determine if CAV VP1 XL is within inclusion bodies was carried out by,
using methods outlined in 2.2.2.3.1. Bacterial pellets containing CAV VP1 XL were
mixed with various buffer as shown in Figure 2.11. The mixture was then vortexed and
allowed to incubate for 30 mins and following centrifugation, the supernatant (soluble
extract) was collected for SDS analysis (as per 2.2.2.5). The results of the trial are
presented in Figure 2.11. A band corresponding to the correct molecular weight of CAV
VP1 XL (47 kDa) was not observed, however solubilisation did occur in pH10 (lane 8
Figure 2.11) though the band does not correlate to CAV VP1 XL.
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Figure 2.12 SDS-PAGE analysis of solubilisation of CAV VP1 XL from
inclusion bodies via resuspension of precipitate in different buffers or
different detergent origin and pH
SDS-PAGE visualisation of CAV VP1 XL, Lane 1 Marker, Lane 2 Precipitate
resuspended in Caps Buffer A, Lanes 3-8 precipitate resuspended in exchange
buffer pH 5, 6.5, 7, 8, 9, & 10, respectively, Lane 9 precipitate resuspended in Caps
Buffer A + L-Arginine, Lane 10 precipitate resuspended in 8M Urea, Lane 11
precipitate resuspended in GuHCl, Lane 12 precipitate resuspended in Caps Buffer
A High Salt. See Table 2.1 for composition of buffers. The red box outlines the
calculated molecular weight of BCV X, 25 kDa. The red box outlines the calculated
molecular weight of CAV VP1 XL, 47 kDa.

Further expression of CAV VP1 XL was undertaken and trailed for solubilisation
as per 2.2.2.2.3. The solubilisation potential of CAV VP1 XL was carried out as above
using different resuspension buffers (see Figure 2.12) and a band corresponding to the
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correct molecular weight of CAV VP1 XL (47 kDa) was observed in all 4 pellets (lane 912 Figure 2.12), and not in the supernatant (soluble extract)(lane 5-8 Figure 2.12). It is
possible that SDS presence in the loading dye is playing a role in solubilisation of the
protein.
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Experimental conditions correlating to the above numbers:
1. HIS (Nickel) Buffer A, 8 M Urea
2. 2 × GST Buffer A, 2M Urea pH 12.5
3. HIS (Nickel) Buffer A, 200mM Arginine
4. 250mM Arginine , 1 PBS tablet pH 11
Figure 2.13 SDS-PAGE analysis of solubilisation of CAV VP1 XL from
inclusion bodies using mild solubilisation processes HIS (Nickel) Buffer A + 8
M Urea, 2× GST Buffer A + 2 M Urea pH 12.5, HIS (Nickel) Buffer A + 200 mM
Arginine & 250 mM Arginine + 1PBS tablet pH 11)
SDS-PAGE visualisation of CAV XL, Lane 1 Marker, Lane 2 Whole Cell, Lane 3
Soluble Extract, Lane 4 Pellet, Lane 5 Soluble Extract (SE) of HIS (Nickel) Buffer A
+ 8M Urea treatment, Lane 6 SE of 2 × GST Buffer A + 2 M Urea pH 12.5 treatment,
Lane 7 SE of HIS (Nickel) Buffer A, 200 mM Arginine treatment, Lane 8 SE 250 mM
Arginine + 1PBS tablet pH 11 treatment, Lane 9 Insoluble extract (IE) of HIS (Nickel)
Buffer A + 8M Urea treatment, Lane 10 IE of 2 × GST Buffer A + 2 M Urea pH 12.5
treatment, Lane 11 IE of HIS (Nickel) Buffer A, 200 mM Arginine treatment, Lane 12
IE 250 mM Arginine + 1PBS tablet pH 11 treatment. See Table 2.1 for composition
of buffers. The red box outlines the calculated molecular weight of CAV VP1 XL, 47
kDa.
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Following failed attempts to solubilise CAV VP1 XL from inclusion bodies an
alternative approach was employed based on methods from I. Palmer and P. T.
Wingfield (84) describing the preparation and extraction of proteins from inclusion
bodies. Results of the trail can be seen in Figure 2.13. A band corresponding to the
correct molecular weight of CAV VP1 XL (47 kDa) was observed in the supernatant
(soluble extract) of both treatments number 3 and 4 (lane 9 and 11 Figure 2.13). The
presence of corresponding bands of correct molecular weight of CAV VP1 XL in pellets
of both condition 3 and 4 demonstrate that not all the protein has been solubilised from
inclusion bodies. Importantly, solubilisation of CAV VP1 XL from inclusion bodies was
demonstrated for the first time. Further studies to optimise the buffers and
resolubilisation are required
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Experimental condition correlating to the numbers above:
1. 6 M GuHCl
2. 1 M GuHCl, 0.5% triton, 50 mM Tris, 250 mM NaCl
3. 8 M Urea, GST Buffer A, 1% SDS, pH8
4. GST Buffer A, 1% SDS, pH8
Figure 2.14 SDS-PAGE analysis of solubilisation of CAV VP1 XL from
inclusion bodies using mild solubilisation processes (6 M GuHCl, 1 M GuHCl +
0.5% Triton + 50 mM Tris + 250 mM NaCl, 8 M Urea + GST Buffer A + 1% SDS
pH 8 & GST Buffer A + 1% SDS pH 8)
SDS-PAGE visualisation of CAV XL, Lan 1 Marker, Lane 2 Whole Cell, Lane 3
Insoluble extract (IE) from 6M GuHCl treatment, Lane 4 Soluble extract (SE) from
ethanol wash of 6M GuHCl treated whole cell, Lane 5 IE from ethanol wash of 6M
GuHCl treated whole cell, Lane 6 IE from 1 M GuHCl + 0.5%Triton + 50 mM Tris + 250
mM NaCl treated Whole Cell, Lane 7 SE from ethanol wash of 1 M GuHCl + 0.5%Triton
+ 50 mM Tris + 250 mM NaCl treated Whole Cell, Lane 8 IE from ethanol wash of 1 M
GuHCl + 0.5%Triton + 50 mM Tris + 250 mM NaCl treated Whole Cell, Lane 9 SE from 8
M Urea + GST Buffer A + 1% SDS pH8 treatment, Lane 10 IE from 8 M Urea + GST Buffer
A + 1% SDS pH8 treatment, Lane 11 SE from GST Buffer A + 1% SDS pH 8 treatment,
Lane 12 IE from GST Buffer A + 1% SDS pH 8 treatment. See Table 2.1 for
composition of buffers. The red box outlines the calculated molecular weight of CAV
VP1 XL, 47 kDa.
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2.3.3 Porcine Circovirus 3 (PCV-3)
Recombinant expression of the Cap target of PCV-3 was performed using
optimised expression vector (pMCSG21), E. coli BL21 (DE3-Rosetta 2), and two
different expression medias, IPTG or auto-induction, as per methods 2.2.2.2.3 and
2.2.2.2.2, respectively. Prior to this study it was unknown if PCV-3 can be expressed
recombinantly in E. coli.

The aim of this project was therefore to test recombinant expression of PCV-3.

2.3.3.1 Auto-induction expression and purification trials of PCV-3
To test recombinant expression, 8 L of PCV-3 was expressed by IPTG, as per
method 2.2.2.2.3, with 4L being resuspended in Caps Buffer A and the remaining 4L in
HIS (Nickel) Buffer A, before both being purified as per method 2.2.2.3.2. A band
corresponding to the correct molecular weight of PCV-3 (25 kDa) was not
overexpressed in the whole cells (see lanes 2 & 8 Figure 2.14C). The lack of significant
bands at the correct molecular weight in the soluble extract, lanes 3 & 9 Figure 2.14C,
demonstrates that the protein is not highly expressed in E. coli. The soluble extract was
injected onto the HIS-trap affinity column using AKTA FPLC (Figure 2.14A & B), thus
allowing adsorption and subsequence purification. The flow through from the affinity
column, lanes 4 & 10 Figure 2.14C, shows little difference from the soluble extract,
demonstrating little from the soluble extract has bound to the column. The subsequence
affinity elution’s lanes, 5 & 11 Figure 2.14B, display a lack of a band at the correct
molecular weight for PCV-3, most likely owing to the poor expression.
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A)

B)

C)
Figure 2.15 Affinity chromatography of PCV-3expressed via Auto-induction,
resuspended in Caps Buffer A and HIS (Nickel) Buffer A respectively, with
corresponding SDS-PAGE analysis
A) HIS-trap purification of PCV-3 expressed via Auto-induction in Caps Buffer A UV
trace (red), eluent (orange). B) HIS-trap purification of PCV-3 expressed via Autoinduction in HIS (Nickel) Buffer A UV trace (red), eluent (orange). C) SDS-PAGE
visualisation of PCV-3; Lane 1 Marker, Lane 2 Caps Buffer A Whole Cell, Lane 3
Caps Buffer A Soluble Extract, Lane 4 Caps Buffer A flowthrough, Lane 5 Caps
Buffer A HIS-trap elution, Lane 6&7 empty, Lane 8 HIS (Nickel) Buffer A Whole
Cell, Lane 9 HIS (Nickel) Buffer A Soluble Extract, Lane 10 HIS (Nickel) Buffer A
Flowthrough, Lane 11 HIS (Nickel) Buffer A HIS-trap elution. The red box outlines
the calculated molecular weight of PCV-3, 25 kDa.
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2.3.3.2 IPTG expression and purification trials of PCV-3
To test recombinant expression, 8 L of PCV-3 was expressed by auto-induction,
as per method 2.2.2.2.2, with 4L being resuspended in Caps Buffer A and the remaining
4L in HIS (Nickel) Buffer A, before both being purified as per method 2.2.2.3.2. A band
corresponding to the correct molecular weight of PCV-3 (25 kDa) was not
overexpressed in the whole cells (see lanes 2 & 8 Figure 2.15C). The lack of significant
bands at the correct molecular weight in the soluble extract, lanes 3 & 9 Figure 2.15C,
demonstrates that the protein was not over-expressed. The soluble extract was injected
onto the HIS-trap affinity column using an AKTA FPLC (Figure 2.15A & B) with the flow
through from the affinity column, lanes 4 & 10 Figure 2.15C, showing little difference
from the soluble extract. The subsequent affinity elution’s ,lanes 5 & 11 Figure 2.15C,
display a lack of a band at the correct molecular weight for PCV-3.

88
Rebecca Barnewall

11525012

A)

B)

C)
Figure 2.16Affinity chromatography of PCV-3 expressed via IPTG,
resuspended in Caps Buffer A and HIS (Nickel) Buffer A, with corresponding
SDS-PAGE analysis
A) HIS-trap purification of PCV-3 expressed via IPTG in Caps Buffer A UV trace
(red), eluent (orange). B) HIS-trap purification of PCV-3 expressed via IPTG in HIS
(Nickel) Buffer A UV trace (red), eluent (orange). C) SDS-PAGE visualisation of
PCV-3; Lane 1 Marker, Lane 2 Caps Buffer A Whole Cell, Lane 3 Caps Buffer A
Soluble Extract, Lane 4 Caps Buffer A flowthrough, Lane 5 Caps Buffer A HIS-trap
elution, Lane 6&7 empty, Lane 8 HIS (Nickel) Buffer A Whole Cell, Lane 9 HIS
(Nickel) Buffer A Soluble Extract, Lane 10 HIS (Nickel) Buffer A Flowthrough, Lane
11 HIS (Nickel) Buffer A HIS-trap Peak 1, Lane 12 HIS (Nickel) Buffer A HIS-trap
Peak 2. The red box outlines the calculated molecular weight of PCV-3, 25 kDa.
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2.3.4 Starfish Circovirus (AfaCV)
Recombinant expression of the Cap target of AfaCV were performed using
optimised expression vector (pMCSG21), E. coli BL21 (DE3-Rosetta 2), and expression
media auto-induction, as per method 2.2.2.2.2. Prior to this study it was no known if
AfaCV could be expressed recombinantly and due to the highly divergent sequence of
AfaCV from typical circoviruses sequences, little structural information was also known.

The aim of this project was therefore to design and test recombinant expression
of the construct encoding AfaCV.

2.3.4.1 Expression and purification trials of Starfish circovirus
To test recombinant expression, 4 L of AfaCV was expressed by auto-induction
and purified, as per methods 2.2.2.2.2 and 2.2.2.3.2 respectively. A band corresponding
to the correct molecular weight of AfaCV (39 kDa) was not overexpressed in the whole
cell extract (See Lane 3 Figure 2.16B). Similar to PCV-3, the lack of a band at the
correct molecular weight (lane 4 Figure 2.16B), demonstrates the protein was not overexpressed. The soluble extract was injected onto the HIS-trap affinity column using an
AKTA FPLC (Figure 2.16A) and the subsequent elution peaks, see lanes 6, 7 & 8
Figure 2.16B, display a lack of a band at the correct molecular weight for AfaCV.

Due to lack of overexpression and production of only small quantities of purified
protein achieved through affinity chromatography, further purification by size exclusion
chromatography was not carried out.
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A)

B)
Figure 2.17 Affinity chromatography of Starfish NLS expressed via Autoinduction and resuspended in HIS (Nickel) Buffer A, with corresponding SDSPAGE analysis
A) HIS-trap purification of Starfish NLS UV trace (red), eluent (orange). B) SDSPAGE visualisation of Starfish NLS; Lane 1 Marker, Lane 2 Whole Cell prior to
addition of lysozyme, Lane 3 Whole Cell, Lane 4 Soluble Extract, Lane 5
Flowthrough, Lane 6 HIS-trap fraction 14, Lane 7 HIS-trap fraction 20, Lane 8 HIStrap fraction 38. The red box outlines the calculated molecular weight of AfaCV,
39kDa.
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2.4 Discussion

Figure 2.18 Phylogenetic tree outlining which Circoviridae and Anelloviridae
have a been successfully expressed
Green tick indicates the virus proteins that have been successfully expressed. Red
crosses indicate the virus protein that have not been successfully expressed.
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As displayed in Figure 2.17, successful expression of Anelloviridae and
Circoviridae is sparse. The novelty of these two virus families means there is a lack of
knowledge and/or studies are in their initial phases.

2.4.1 Bat Associated Circovirus (BCV)
The solving of the full length BCV X-ray crystal structure in our laboratory in 2017
provided a structural basis for the formation of VLPs by BCV constructs. Recombinant
expression of BCV X was successfully achieved through those methods used to solve
BCV.

The BCV X + DNA complex structure was solved to a resolution of 4.3 Å. Positive
internal densities, shown in Table 2.7, show DNA may be present inside the VLP. These
positive internal densities were no present in the previously solved BCV X VLP,
indicating this is due to the addition of DNA prior to hanging drop crystallography being
undertaken. Due to the low resolution however this cannot be modelled.

2.4.2 Chicken Anaemia Virus (CAV)
All CAV constructs were difficult to express in the initial stages of the project. The
initial mass expression trail of all three CAV constructs showed that CAV VP1 X and
CAV VP1 XL expressed in the Rosetta 2 (DE3) cell line (see Figure 2.6 & Figure 2.7).
Whilst CAV VP1 did not express in Rosetta 2 (DE3) cell line (see Figure 2.5). This small
scale expression provides a basis for expression on a large scale.
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As CAV VP1 X and CAV VP1 XL were insoluble, common laboratory
solubilisation techniques were applied but however failed (see Figure 2.8 & Figure 2.9).
The common solubilisation technique of resuspension in 8M Urea may have failed due
to its effectiveness being modulated by pH and ionic strength. Harsher solubilisation
techniques were applied to solubilise the construct from inclusion bodies, with the
addition of 1% SDS proving to be effective in solubilising some of CAV VP1 XL from
inclusion bodies. There is however still improvement to be made in order to increase the
solubility of CAV VP1 XL. Extracting proteins by this method result in denaturation
(unfolding) of the protein by the strong detergent and pH. Protein denaturation, in the
case of pH, occurs due to the ionisation of side chains, generally the higher the pH the
less residual structure retained by the protein. Sodium dodecyl sulphate (SDS) is a
common and effective protein denaturation detergent as it binds directly to the protein.
Denaturation of the protein for extraction from inclusion bodies then requires refolding,
with refolding yields often being hindered by the denaturation processes. Protein can be
purified denatured and renatured, however the main danger of working with an unfolded
protein is it vulnerability to chemical modification and sensitivity to contaminating
protease activity (82, 84). Small scale solubilisation provides a basis for solubilisation on
a large scale, with the SDS solubilisation method already being adopted by others in the
laboratory.

2.4.3 Porcine Circovirus 3 (PCV-3)
Expression of PCV-3 was problematic with IPTG and auto-induction expression
methods failing in both Caps Buffer A and HIS Buffer A. This was unusual as PCV-3
94
Rebecca Barnewall

11525012

was predicted to express similar to BCV as the cap and rep proteins of PCV-3 are 55%
identical to those of bat associated circovirses (55). Both expression methods IPTG and
auto-induction failed to express PCV-3 in Caps Buffer and HIS Buffer.

2.4.4 Starfish associated circular virus (AfaCV)
Initial expression of AfaCV was unsuccessful via auto- induction in HIS Buffer A.
This may be due to AfaCV being highly divergent from other circoviruses, as
demonstrated by the phylogenetic tree Figure 2.17 (60).

Expression in all experiments may have been hindered with a suspected flaw in
the Rosetta 2 (DE3) cell line. Due to the wait on the new cell line this theory is yet to be
tested, however other experiments in the laboratory are having difficulty with
expression.

2.4.5 Future studies
2.4.5.1 Bat Associated Circovirus (BCV)
Future experiments will focus on gaining higher resolution to model internal DNA
take up. This will be achieved through recombinant expression and trailing and
optimising crystal screen conditions.
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2.4.5.2 Chicken Anaemia Virus (CAV)
Now that CAV VP1 X and CAV VP1 XL have been successfully expressed and
solubilised on a small scale, this should be applied to a large scale trial. Trialling of
refolding techniques to gain the highest yield of solubilised refolded protein can then be
undertaken. If this is successful, crystallisation trails can begin in an attempt to solve Xray crystal structures.

Further experiments are required in order to achieve expression of CAV VP1.
Trials may include IPTG expression method in HIS Buffer A, and failing this autoinduction with both Caps and HIS buffers.

2.4.5.3 Porcine Circovirus3 (PCV-3)
Further experiments are required to test if the lack of experession was due to an
issue with the Rosetta (DE3) cell line or if a different cell line all together is needed for
successful expression of PCV-3.

2.4.5.4 Starfish associate circular virus (AfaCV)
Further experiments are required to achieve expression, trialling both IPTG and
auto induction with Caps Buffer and HIS Buffer. Failing this it is recommended to trial
different cell lines instead of Rosetta 2 (DE3).
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2.4.6 Conclusion
The key aims of this honours thesis were to characterise the structure of BCV X
with and without DNA using crystallography, design and test recombinant expression
constructs of Starfish Cap protein and test recombinant expression of PCV-3 and CAV.

Successful expression and x-ray diffraction of BCV X + DNA VLP was achieved
however the resolution achieved was not high enough to model the complex.
Unfortunately expression of both PCV-3 and AfaCV was unsuccessful in this study due
to time restraints and/or cell line issues. Achievement of expression of CAV VP1 X and
CAV VP1 XL and subsequent solubilisation will provide a basis for expression and
solubilisation of the two CAV constructs in the future studies. Overall, the preliminary
results achieved in this study will be the basis for future work in the laboratory.

These findings indicate that there is now a known expression method for CAV
constructs VP1 X and VP1 XL, and BCV X. Although expression trails for PCV-3 and
AfaCV were unsuccessful, these initial trials will provide a base line for future trials.
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Appendix 1- DNA sequences of target virus proteins
BCV NLS
243 residues 729 base sequence
ATGGTGTATCGCCGCCGCCGCGGCCGCGGCCGCCGCGCGCGCCCGATGA
GCAGCCTGGGCCGCCTGCTGTATCGCAAACCGTGGCTGATGCATCCGCGCTTTCG
CGCGCGCTATCGCTGGCGCCGCAAAAACGGCATTACCAACCTGCGCCTGACCCG
CCAGGTGGAACTGTGGGTGCCGAAAGATGCGGCGAACGCGAGCTTTTATGTGAAC
CATTATACCTTTGATCTGGATGATTTTATTCCGGCGGGCACCCAGCTGAACAGCAG
CCCGCTGCCGTTTAAATATTATCGCATTCGCAAAGTGAAAGTGGAATTTCAGCCGC
GCCTGCCGATTACCAGCCCGTTTCGCGGCTATGGCAGCACCGTGCCGATTCTGGA
TGGCGCGTTTGTGACCCCGGCGACCGGCGAAAGCGATCCGATTTGGGATCCGTAT
ATTAACTTTAGCGGCCGCCATGTGATTCGCACCCCGGCGTGGTATCATAAACGCTA
TTTTACCCCGAAACCGCTGATTGATGGCAACACCGGCTTTTTTCAGCCGAACAACA
AACAGAACGCGCTGTGGTTTCCGAACAAACAGGGCCAGAACATTCAGTGGAGCGG
CCTGGGCTTTGCGATGCAGAAAGGCAACGAAGCGTATAACTATCAGGTGCGCTTT
ACCCTGTATGTGCAGTTTCGCGAATTTGATCTGTTTAACAACAAATATACCGCGCAT
ATGGATGTGCCGCTG

BCV X
201 residues 603 base sequence
AAAAACGGCATTACCAACCTGCGCCTGACCCGCCAGGTGGAACTGTGGGT
GCCGAAAGATGCGGCGAACGCGAGCTTTTATGTGAACCATTATACCTTTGATCTGG
ATGATTTTATTCCGGCGGGCACCCAGCTGAACAGCAGCCCGCTGCCGTTTAAATAT
TATCGCATTCGCAAAGTGAAAGTGGAATTTCAGCCGCGCCTGCCGATTACCAGCC
CGTTTCGCGGCTATGGCAGCACCGTGCCGATTCTGGATGGCGCGTTTGTGACCCC
GGCGACCGGCGAAAGCGATCCGATTTGGGATCCGTATATTAACTTTAGCGGCCGC
CATGTGATTCGCACCCCGGCGTGGTATCATAAACGCTATTTTACCCCGAAACCGCT
GATTGATGGCAACACCGGCTTTTTTCAGCCGAACAACAAACAGAACGCGCTGTGG
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TTTCCGAACAAACAGGGCCAGAACATTCAGTGGAGCGGCCTGGGCTTTGCGATGC
AGAAAGGCAACGAAGCGTATAACTATCAGGTGCGCTTTACCCTGTATGTGCAGTTT
CGCGAATTTGATCTGTTTAACAACAAATATACCGCGCATATGGATGTGCCGCTG

CAV VP1 NLS
447 residues 1341 base sequence
CGCCGCGCGCGCCGCCCGCGCGGCCGCTTTTATGCGTTTCGCCGCGGCC
GCTGGCATCATCTGAAACGCCTGCGCCGCCGCTATAAATTTCGCCATCGCCGCCG
CCAGCGCTATCGCCGCCGCGCGTTTCGCAAAGCGTTTCATAACCCGCGCCCGGG
CACCTATAGCGTGCGCCTGCCGAACCCGCAGAGCACCATGACCATTCGCTTTCAG
GGCGTGATTTTTCTGACCGAAGGCCTGATTCTGCCGAAAAACAGCACCGCGGGCG
GCTATGCGGATCATATGTATGGCGCGCGCGTGGCGAAAATTAGCGTGAACCTGAA
AGAATTTCTGCTGGCGAGCATGAACCTGACCTATGTGAGCAAACTGGGCGGCCCG
ATTGCGGGCGAACTGATTGCGGATGGCAGCAAAAGCCAGGCGGCGGAAAACTGG
CCGAACTGCTGGCTGCCGCTGGATAACAACGTGCCGAGCGCGACCCCGAGCGCG
TGGTGGCGCTGGGCGCTGATGATGATGCAGCCGACCGATAGCTGCCGCTTTTTTA
ACCATCCGAAACAGATGACCCTGCAGGATATGGGCCGCATGTTTGGCGGCTGGCA
TCTGTTTCGCCATATTGAAACCCGCTTTCAGCTGCTGGCGACCAAAAACGAAGGCA
GCTTTAGCCCGGTGGCGAGCCTGCTGAGCCAGGGCGAATATCTGACCCGCCGCG
ATGATGTGAAATATAGCAGCGATCATCAGAACCGCTGGCGCAAAGGCGAACAGCC
GATGACCGGCGGCATTGCGTATGCGACCGGCAAAATGCGCCCGGATGAACAGCA
GTATCCGGCGATGCCGCCGGATCCGCCGATTATTACCAGCACCACCGCGCAGGG
CACCCAGGTGCGCTGCATGAACAGCACCCAGGCGTGGTGGAGCTGGGATACCTA
TATGAGCTTTGCGACCCTGACCGCGCTGGGCGCGCAGTGGAGCTTTCCGCCGGG
CCAGCGCAGCGTGAGCCGCCGCAGCTTTAACCATCATAAAGCGCGCGGCGCGGG
CGATCCGAAAGGCCAGCGCTGGCATACCCTGGTGCCGCTGGGCACCGAAACCAT
TACCGATAGCTATATGGGCGCGCCGGCGAGCGAAATTGATACCAACTTTTTTACCC
TGTATGTGGCGCAGGGCACCAACAAAAGCCAGCAGTATAAATTTGGCACCGCGAC
CTATGCGCTGAAAGAACCGGTGATGAAAAGCGATAGCTGGGCGGTGGTGCGCGT
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GCAGAGCGTGTGGCAGCTGGGCAACCGCCAGCGCCCGTATCCGTGGGATGTGAA
CTGGGCGAACAGCACCATGTATTGGGGCAGCCAGCCG

CAV VP1 X
396 residues 1188 base sequence
CCGGGCACCTATAGCGTGCGCCTGCCGAACCCGCAGAGCACCATGACCAT
TCGCTTTCAGGGCGTGATTTTTCTGACCGAAGGCCTGATTCTGCCGAAAAACAGCA
CCGCGGGCGGCTATGCGGATCATATGTATGGCGCGCGCGTGGCGAAAATTAGCG
TGAACCTGAAAGAATTTCTGCTGGCGAGCATGAACCTGACCTATGTGAGCAAACTG
GGCGGCCCGATTGCGGGCGAACTGATTGCGGATGGCAGCAAAAGCCAGGCGGC
GGAAAACTGGCCGAACTGCTGGCTGCCGCTGGATAACAACGTGCCGAGCGCGAC
CCCGAGCGCGTGGTGGCGCTGGGCGCTGATGATGATGCAGCCGACCGATAGCTG
CCGCTTTTTTAACCATCCGAAACAGATGACCCTGCAGGATATGGGCCGCATGTTTG
GCGGCTGGCATCTGTTTCGCCATATTGAAACCCGCTTTCAGCTGCTGGCGACCAA
AAACGAAGGCAGCTTTAGCCCGGTGGCGAGCCTGCTGAGCCAGGGCGAATATCT
GACCCGCCGCGATGATGTGAAATATAGCAGCGATCATCAGAACCGCTGGCGCAAA
GGCGAACAGCCGATGACCGGCGGCATTGCGTATGCGACCGGCAAAATGCGCCCG
GATGAACAGCAGTATCCGGCGATGCCGCCGGATCCGCCGATTATTACCAGCACCA
CCGCGCAGGGCACCCAGGTGCGCTGCATGAACAGCACCCAGGCGTGGTGGAGCT
GGGATACCTATATGAGCTTTGCGACCCTGACCGCGCTGGGCGCGCAGTGGAGCTT
TCCGCCGGGCCAGCGCAGCGTGAGCCGCCGCAGCTTTAACCATCATAAAGCGCG
CGGCGCGGGCGATCCGAAAGGCCAGCGCTGGCATACCCTGGTGCCGCTGGGCA
CCGAAACCATTACCGATAGCTATATGGGCGCGCCGGCGAGCGAAATTGATACCAA
CTTTTTTACCCTGTATGTGGCGCAGGGCACCAACAAAAGCCAGCAGTATAAATTTG
GCACCGCGACCTATGCGCTGAAAGAACCGGTGATGAAAAGCGATAGCTGGGCGG
TGGTGCGCGTGCAGAGCGTGTGGCAGCTGGGCAACCGCCAGCGCCCGTATCCGT
GGGATGTGAACTGGGCGAACAGCACCATGTATTGGGGCAGCCAGCCG
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CAV VP1 XL
409 residues 1227 base sequence
TATCGCCGCCGCCGCCGCCATTTTCGCCGCCGCCGCTTTCCGGGCACCTA
TAGCGTGCGCCTGCCGAACCCGCAGAGCACCATGACCATTCGCTTTCAGGGCGTG
ATTTTTCTGACCGAAGGCCTGATTCTGCCGAAAAACAGCACCGCGGGCGGCTATG
CGGATCATATGTATGGCGCGCGCGTGGCGAAAATTAGCGTGAACCTGAAAGAATT
TCTGCTGGCGAGCATGAACCTGACCTATGTGAGCAAACTGGGCGGCCCGATTGCG
GGCGAACTGATTGCGGATGGCAGCAAAAGCCAGGCGGCGGAAAACTGGCCGAAC
TGCTGGCTGCCGCTGGATAACAACGTGCCGAGCGCGACCCCGAGCGCGTGGTGG
CGCTGGGCGCTGATGATGATGCAGCCGACCGATAGCTGCCGCTTTTTTAACCATC
CGAAACAGATGACCCTGCAGGATATGGGCCGCATGTTTGGCGGCTGGCATCTGTT
TCGCCATATTGAAACCCGCTTTCAGCTGCTGGCGACCAAAAACGAAGGCAGCTTTA
GCCCGGTGGCGAGCCTGCTGAGCCAGGGCGAATATCTGACCCGCCGCGATGATG
TGAAATATAGCAGCGATCATCAGAACCGCTGGCGCAAAGGCGAACAGCCGATGAC
CGGCGGCATTGCGTATGCGACCGGCAAAATGCGCCCGGATGAACAGCAGTATCC
GGCGATGCCGCCGGATCCGCCGATTATTACCAGCACCACCGCGCAGGGCACCCA
GGTGCGCTGCATGAACAGCACCCAGGCGTGGTGGAGCTGGGATACCTATATGAG
CTTTGCGACCCTGACCGCGCTGGGCGCGCAGTGGAGCTTTCCGCCGGGCCAGCG
CAGCGTGAGCCGCCGCAGCTTTAACCATCATAAAGCGCGCGGCGCGGGCGATCC
GAAAGGCCAGCGCTGGCATACCCTGGTGCCGCTGGGCACCGAAACCATTACCGA
TAGCTATATGGGCGCGCCGGCGAGCGAAATTGATACCAACTTTTTTACCCTGTATG
TGGCGCAGGGCACCAACAAAAGCCAGCAGTATAAATTTGGCACCGCGACCTATGC
GCTGAAAGAACCGGTGATGAAAAGCGATAGCTGGGCGGTGGTGCGCGTGCAGAG
CGTGTGGCAGCTGGGCAACCGCCAGCGCCCGTATCCGTGGGATGTGAACTGGGC
GAACAGCACCATGTATTGGGGCAGCCAGCCG

PCV3
213 residues 639 base sequence
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CGCCATCGCGCGATTTTTCGCCGCCGCCCGCGCCCGCGCCGCCGCCGCC
GCCATCGCCGCCGCTATGCGCGCCGCCGCCTGTTTATTCGCCGCCCGACCGCGG
GCACCTATTATACCAAAAAATATAGCACCATGAACGTGATTAGCGTGGGCACCCCG
CAGAACAACAAACCGTGGCATGCGAACCATTTTATTACCCGCCTGAACGAATGGGA
AACCGCGATTACCTTTGAATATTATAAAATTCTGAAAATGAAAGTGACCCTGAGCCC
GGTGATTAGCCCGGCGCAGCAGACCAAAACCATGTTTGGCCATACCGCGATTGAT
CTGGATGGCGCGTGGACCACCAACACCTGGCTGCAGGATGATCCGTATGCGGAA
AGCAGCACCCGCAAAGTGATGACCAGCAAAAAAAAACATAGCCGCTATTTTACCCC
GAAACCGCTGCTGGCGGGCACCACCAGCGCGCATCCGGGCCAGAGCCTGTTTTT
TTTTAGCCGCCCGACCCCGTGGCTGAACACCTATGATCCGACCGTGCAGTGGGGC
GCGCTGCTGTGGAGCATTTATGTGCCGGAAAAAACCGGCATGACCGATTTTTATG
GCACCAAAGAAGTGTGGATTCGCTATAAAAGCGTGCTG

Starfish NLS
347 residues 1041 base sequence
ATGCCGCGCAACACCCGCCGCCGCACCGGCCGCAGCCGCCGCCGCCGCA
CCCTGCGCCGCGGCTATCGCAAATTTACCGGCGGCCGCGGCATTACCAAAGAACA
TGATCGCACCAACATTTATTATAAAAAACGCATGCCGCGCTTTAAAAAACGCCGCT
GGCGCCGCTTTAGCAAAAAAGTGCAGAACGTGAGCGAAAAAGATCTGGGCACCCA
GACCGTGGTGTTTAACGATCAGATTGAAACCGGCGATTTTTTTAACAGCGATGGCC
TGATTACCGGCAGCGCGACCCTGTGCCTGTATAGCATGAACGGCAGCGAAGTGCC
GTATAACGATCTGGCGGTGATGATGAACAACCTGAACTTTGCGGCGCCGACCGTG
GATCTGGGCACCACCAAATATCGCACCAGCAAAGTGATTTTTAAAAGCGCGGTGTT
TGATCTGACCCTGACCAACACCAGCTATGATCGCATTGGCGGCGTGAACAACATT
GAAGCGGCGTATAGCCTGGAAGTGGATATTCATACCGTGGTGATTAAAAAAGGCG
CGCGCGATCTGGATTTTATTAGCGGCACCCTGGCGGAAAAAGGCCTGAAAACCAT
TGATAAAATGATTGAAGTGGCGGAAAAAGAAGTGCGCCCGATTGGCGGCGATGAT
AGCAAAATTTTTAACACCACCAAAGCGAAATTTAACCGCGGCGGCACCCTGTGGGA
TGTGCCGCATGCGCTGAGCCTGTTTGGCATGAAAATTCTGAGCAAAAAAAAATATT
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TTATTCCGGGCGGCGCGACCATTACCTATCAGATGCGCGATGCGAAACGCCGCGT
GATGGTGCCGCAGTTTAACATGCTGGGCGTGAACAAACCGGGCTGGACCAAATTT
CTGTATATTACCTATAAACTGGTGCCGGGCGTGGGCGTGATTGGCCAGGATGAAA
ACGTGCCGACCCAGATTCGCACCCGCCTGAGCGTGGGCGTGACCCGCAAATATA
GCTATAAAATTGAAGGCCAGAACGATGTGCGCGATAACTATAACCCGGATCTG
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