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Abstract 

 Beak and feather disease virus (BFDV) is a poorly studied virus 

considering its worldwide distribution and devastating effect on native 

and endangered avian species.  The virus is the cause of psittacine beak 

and feather disease (PBFD) in a large number of psittaciformes, and 

exhibits itself as an immunosuppressive illness, as well as chronically 

through symmetrical feather loss, and beak and claw deformations.  

Routine diagnostics of this pathogen are required to monitor the 

disease in endangered species, and for import and export of susceptible 

species.  There is also no commercially available vaccine for prevention 

of illness.  Improvements on diagnostic assays and potential vaccines, 

as well as understanding of the basic biology of the virus rely heavily on 

the understanding of the protein biochemistry of BFDV associated 

proteins.  As there is no system to culture the virus, production of viral 

proteins must make use of recombinant techniques, however, research 

to date has led to suboptimal expression and purification or requires 

additional infrastructure to reliably produce.  This thesis addresses 

these issues by using a widely available E. coli expression system to 

produce a recombinant BFDV capsid-associated protein (BFDV Cap) 

and purify it to a higher concentration than has previously been 

reported.  The recombinant protein was characterized by SDS-PAGE, 

and by Western blot and ELISA to make use of a previously identified 

monoclonal antibody.  The structural biology of BFDV Cap was 

attempted to be elucidated through crystallization of the protein.  

Unfortunately, crystallization attempts with BFDV Cap alone were 



 

xxviii 
 

unsuccessful, however, homology modeling was able to generate a 

structure of BFDV Cap, along with several related circovirus capsid-

associated proteins.  The models highlight important antigenic regions, 

while preserving the underlying structure of the protein, providing 

insight to the significance of antigenic mutations when infecting new 

host species.  To determine if, and where, BFDV Cap binds to the 

nuclear importin protein, importin α (Impα), a peptide containing the 

nuclear localizing signal of BFDV Cap was complexed with a highly 

soluble isolate of Impα, crystallized and the structure solved following 

X-ray crystallography.  This concluded that BFDV cap is capable of 

binding the major site of Impα for nuclear transport.  The recombinant 

protein was also evaluated in a haemagglutination assay (HA), novel 

binding assay with susceptible host erythrocytes, and as a preliminary 

vaccine.  The HA and binding assay were able to demonstrate mimicry 

of the native virus in vitro, and immunization of individuals with 

recombinant BFDV Cap increased their antibody titre toward BFDV.  To 

improve consistency and convenience in diagnostic assays, a blocking 

ELISA (bELISA) was developed using E. coli cellular lysate containing 

recombinant BFDV Cap and recognition of a monoclonal antibody.  

Although the linear correlation and specificity were not acceptable to 

implement the current assay as a diagnostic assay, there is a trend 

toward linearity to encourage further experimentation.  The results 

show extended use in characterization and assay development with a 

single isolate of BFDV Cap and a significant improvement toward large-

scale expression of recombinant BFDV proteins.  Additional measures 

should be taken to improve solubility of the protein, which would 
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increase the likelihood of generating structural data through 

crystallography or nuclear magnetic resonance, maintain natural 

confirmation to increase robustness for binding assays to explore for 

facets of the viral biology, and present natural antigenic regions for 

more specific immunization and accurate diagnostic assays. 
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Chapter 1. Literature Review: taxonomy, 
genomics, and protein function 

 Beak and feather disease virus (BFDV), the causative agent of 

psittacine beak and feather disease (PBFD), is distributed worldwide 

among psittacine birds and is a threat to several native Australian 

species.  The disease presents itself as an immunosuppressive illness 

and chronic cases show symmetrical feather loss and beak and claw 

deformities (Figure 1.1).  BFDV can be transmitted horizontally and is 

suspected to be transmitted vertically to offspring (Rahaus et al. 2008; 

Ritchie et al. 1994), as is observed in related viruses (Cardona et al. 

2000; Hoop 1992; Hoop 1993; McIntosh et al. 2006).  The virus is one of 

the smallest viruses known to cause disease, in terms of both genome 

and particle size, and is a member of the family Circoviridae.   

 

 

Figure 1.1: Galah with chronic psittacine beak and feather disease (PBFD) showing 
feather loss and beak deformation.  Photo courtesy of A/Prof Shane Raidal. 

 

Circoviridae represent an ever-increasing family of viruses that 

have early origins and whose host breadth may be discovered to 
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encompass all vertebrates.  Related viral families, Nanoviridae and 

Geminiviridae, are found in many plants.  Although this diverse host 

range is daunting, the similar characteristics of the viruses allow the 

information and discoveries from a wide variety of research groups to 

be extrapolated and applied to lesser-researched members of these 

viral families.  As additional circoviruses, and possibly their 

accompanying pathologies, are discovered the accomplishments of 

current research will provide an excellent starting platform for 

understanding the basic biology of these viruses.  Thus, much of the 

background information in this literature review has been gained from 

studies on related viruses and a handful of pioneering publications. 

  

1.1 Taxonomy 

Members of Circoviridae all have small, circular, single-stranded 

DNA (ssDNA) genomes (Crowther et al. 2003).  These genomes are 

surrounded by nonenveloped, icosahedral capsids ranging from 12-32 

nm in size (Biagini 2004; Biagini et al. 2001; Crowther et al. 2003; Itoh 

et al. 2000; Niagro et al. 1998; Ninomiya et al. 2007; Todd et al. 2001; 

Todd et al. 1991).  As few proteins are encoded in the viral genomes, 

these viruses are a model of efficiency and must use host cell machinery 

to replicate (Todd 2000).  Three genera and a recently proposed fourth 

genus exist in the Circoviridae family.  The genus Circovirus officially 

contains porcine circovirus 1 (PCV1) and porcine circovirus 2 (PCV2), 

BFDV, goose circovirus (GoCV), canary circovirus (CaCV), and pigeon 

circovirus (PiCV) (Fauquet et al. 2005).  Although not officially 

classified, many circovirus-like viruses are known to infect several 
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other avian species, barbell, catfish, bat, and dog (Ge et al. 2011; Halami 

et al. 2008; Hattermann et al. 2003; Johne et al. 2006; Kapoor et al. 

2012; Lorincz et al. 2011; Lorincz et al. 2012; Stewart et al. 2006; Todd 

et al. 2007).  The genus Anellovirus has official members torque teno 

virus (TTV), and torque teno mini virus (TTMV) (Biagini 2009; Fauquet 

et al. 2005).  Similar anellovirus-like viruses have also been found in 

pigs, primates, dog, cat and tree-shrew (Cong et al. 2000; Kekarainen 

and Segales 2008; McKeown et al. 2004; Okamoto et al. 2001; Okamoto 

et al. 2002; Takahashi et al. 2000; Verschoor et al. 1999).  Chicken 

anemia virus (CAV) has long been the only member of the genus 

Gyrovirus (Fauquet et al. 2005), until the recent discovery of a human 

gyrovirus (Sauvage et al. 2011).  New viral discoveries have led to a 

recently proposed fourth genus, Cyclovirus, represented by small 

circular viruses isolated from faeces of mammals, including 

chimpanzees, humans, and bats (Ge et al. 2011; Li et al. 2010).  Among 

the Circoviridae, PCV1, PCV2, and CAV are the most represented in 

scientific literature, mainly due to the economic impact of their 

pathologies each cause in pigs and chickens, respectively.  

  The related plant viruses, some once referred to as ‘plant 

circoviruses’, from Nanoviridae and Geminiviridae, also contribute to 

knowledge of circovirus biology.  Viruses of Nanoviridae include 

subterranean clover stunt virus (SCSV) (Boevink et al. 1995), banana 

bunchy top virus (BBTV) (Wu et al. 1994), coconut foliar decay virus 

(CFDV) (Rhode et al. 1990) and faba bean necrotic yellow virus 

(FBNYV) (Katul et al. 1995), while Geminiviridae are tomato yellow leaf 

curl virus (TYLCV) (Wartig et al. 1997), maize streak virus (MSV) 
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(Boulton et al. 1989) and beet curly top virus (BCTV) (Briddon et al. 

1989).   

 The above taxonomy will surely be found not exhaustive as 

additional circoviruses are routinely being described.  Evidence of 

unreported circoviruses have been found as partial viral gene 

sequences inserted in the genomes of several animals, suggesting that a 

circovirus has, or still do, infect these animals and possibly their 

relatives (Belyi et al. 2010).  The same study concluded that 

circoviruses have existed for at least 40-50 million years, allowing 

ample time for these viruses to invade a wide variety of hosts. 

 

1.2 Genomics 

 The genomes of the Circoviridae are circular, ssDNA, and contain 

putative stem-loops at the origin of replication.  Most of the genomes 

are approximately 2,000 nucleotides, the exception being human TTV, 

which has 3,800 nucleotides.  Another marked difference in Circoviridae 

genomes is the orientation of genes.  Members of the genus Circovirus 

contain ambisense genes, while viruses from Anellovirus and Gyrovirus 

have negative-sense genes.  As the genome structure among the 

circoviruses are similar and sufficient research has been applied to this 

topic, this review will only focus on their genetics. 

 Several BFDV genomes have been fully sequenced and are 

available on GenBank, the first of which was a 1993 nucleotide 

sequence submitted by Bassami et al. (1998) (Figure 1.2).  This first 

report noted a possible seven open reading frames (ORF) with products 

greater than 8.7 kDa.  The 867 nucleotide sequence from ORF1 located 
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on the viral strand (ORF V1) was homologous to the replication-

associated gene in PCV, and the 741 nucleotide sequence of ORF2 

located on the complimentary strand (ORF C1) was found to be 

homologous to the capsid-associated gene in PCV, however, the 

remaining five ORFs have no known homologues (Bassami et al. 1998; 

Todd et al. 1991).  A nonanucleotide stem-loop structure has also been 

identified and shown to be conserved among circoviruses and 

geminiviruses (Bassami et al. 1998).  This nonanucleotide motif marks 

the starting point for rolling circle replication (RCR), the mechanism for 

viral replication (Steinfeldt et al. 2001; Steinfeldt et al. 2006). 

 

 

Figure 1.2: Overview of beak and feather disease virus (BFDV) genome.  The two 
major open reading frames (ORFs) are labeled, ORF C1, the capsid-associated gene 
encoded on the complementary strand, and ORF V1, the replication-associated gene 
encoded on the viral strand.  The genes are separated by a stem loop structure, where 
replication is initiated. 

 

 The BFDV genome is prone to variation, most notably and 

expectedly in the capsid-associated gene.  The capsid-associated gene 

has nucleotide identities between 80-100% among isolates, while the 
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replication-associated gene has nucleotide identities between 86-99% 

(Bassami et al. 2001; Hess et al. 2004; Khalesi et al. 2005; Kondiah et al. 

2006; Raue et al. 2004).  Overall, the entire BFDV genome can be from 

84-97% identical (Bassami et al. 2001; Heath et al. 2004).  In contrast, 

BFDV has 45.6% identity and 64.3% similarity with its circovirus 

relative, PCV (Bassami et al. 1998).   

 

1.3 Proteomics 

 Considerably less research has been put towards proteins 

associated with BFDV, however, an intimate knowledge of this topic is 

necessary to understand the basic biology of the virus.  Accentuating 

the lack of research in this field of BFDV research is the majority of 

proteins associated with the virus remain uncharacterized, and the 

proteins that have been identified do not all correspond to the putative 

ORFs reported by Bassami et al. (1998).  Ritchie et al. (1990) published 

the most comprehensive list of protein products after using sodium 

dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) to 

observe proteins at 48.0 kDa and 58.0 kDa, along with previously 

reported proteins at 26.3 kDa, 23.7 kDa, and 15.9 kDa (Ritchie et al. 

1989).  The only two proteins currently characterized from the virus 

are the 26.3 kDa replication-associated protein (Rep; V1; ORF1), and 

the 23.7 kDa capsid-associated protein (Cap; C1; ORF2).  Together, 

these two protein products make up 88% of the total viral protein and 

are present in equimolar amounts (Ritchie et al. 1989).  The third 

protein, observed at 15.9 kDa, corresponds to the putative product of 

ORF3.  A protein, C3, from ORF3 of DuCV has recently been elucidated 
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as an apoptotic protein and is homologous to C3/ORF3 of PCV2, which 

is also known to induce apoptosis, however, as stated previously, ORF3 

of BFDV does not share homology with any known proteins (Liu et al. 

2005; Xiang et al. 2012).  This absence of homology between two 

closely related viruses as BFDV and DuCV may be puzzling, but it is also 

seen elsewhere in the genus; PCV1 and PCV2 have vastly different 

products from ORF3 (Liu et al. 2005).  The remaining proteins of 48.0 

kDa and 58.0 kDa have, also, yet to be characterized and are left 

unaccounted for in the putative ORFs, but Ritchie et al. (1990) noted 

that the products of ORF1, ORF2, and ORF 3 add up to roughly 60 kDa 

and that “one might speculate that these larger proteins represent 

alternatively processed translation products”.  It may prove that these 

additional proteins seen were purified host proteins with a similar 

specific gravity. 

 

1.4 Protein Structure and Function  

 The existing body of knowledge for the structure and function of 

BFDV proteins gains a great deal of information and confirmation from 

related viruses.  As the previous section pointed out, there are many 

gaps in the knowledge of BFDV proteins, so similar findings to more 

extensively researched circoviruses is encouraging and promotes the 

ability to extrapolate known mechanisms.  The majority of this section 

will cover details of Cap and Rep proteins.  This is justified as these two 

proteins are not only the major components of viral composition, but 

are also key proteins for immunity and host cell invasion, and viral 

replication, two required mechanisms for the virus’ survival.           
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1.4.1 Cap protein 

 The Cap protein is the main antigenic protein of BFDV.  This is 

because the protein uses repeated subunits to compose the entire 

capsid structure of the virus.  Similar capsid arrangements can be seen 

in other members of Circoviridae; both CAV and PCV use 60 repeating 

Cap subunits to make up their capsids (Crowther et al. 2003).   

 The capsid sequence is highly variable.  Amino acid identities in 

the Cap sequence range from 73-99% (Bassami et al. 2001; Raue et al. 

2004).  The high amount of variation is likely an important aspect of the 

virus’ ability to continuously infect a large number of psittacine species.  

While the Rep protein may be more responsible for the disease process 

associated with the virus there is evidence that specific secondary 

sequences of Cap and the structural changes that result may be 

favourable for host immune evasion (Kundu et al. 2012).  Additional 

hypotheses could be made on Cap mutations allowing for more efficient 

entry into host cells or affinity to host cell surface receptors, shifting the 

types of cells vulnerable to infection.            

 The Cap protein is a single domain protein, but has several 

features that pertain to its functions.  At the N-terminus of the protein 

are three conspicuous nuclear localizing signals (NLS).  This region is 

very positively charged, and contains a high concentration of arginine 

and lysine residues.  The ability of the different NLS regions of Cap to 

maintain nuclear localization was experimentally tested by Heath et al. 

(2006).  It was concluded that there is, indeed, an NLS in the first 56 

amino acids of the N-terminus, and despite several deletions in this 
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region the protein is still capable of nuclear localization.  The specific 

mechanism for import into the nucleus is not known, but with the large 

amount of arginine residues available it is likely that nuclear importin 

proteins are involved.  A second significant function of this positively 

charged region is its ability to bind DNA, namely, its own viral genome.  

Affinity of the Cap protein to DNA is a vital function because this 

interaction allows the viral genome access to the host cell nucleus by 

piggybacking on the protein’s ability to enter the nucleus.  Heath et al. 

(2006) used the same full-length and truncated Cap proteins from the 

nuclear localization trial to determine constraints in DNA binding.  The 

DNA binding function of Cap was shown to be isolated to a smaller 

region than the entire NLS region with the first 40 amino acids from the 

N-terminal providing a necessary binding site.  This result is surprising 

as the site was shown to be non-specific for DNA binding, meaning that 

it is most likely a simple positive protein-negative DNA interaction and 

there are still six positively charged residues, which would have a 

natural affinity to bind negatively charged DNA, from amino acids 41-56 

of the N-terminal, however, there were only a maximum of two 

consecutive positive residues.  Rep-binding capability is also an 

important role for Cap.  This interaction is specifically interesting 

because of discrepancies between related viruses.  The Rep proteins of 

PCV possess NLSs and can enter the nucleus without Cap (Finsterbusch 

et al. 2005), however, in geminiviruses Rep must bind to Cap for 

nuclear transport (Qin et al. 1998).  Since BFDV Rep does not contain a 

putative NLS, its mechanism likely resembles the latter, and this was, 

once again, confirmed by Heath et al. (2006).  It was not confirmed 
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which portion of Cap is responsible for Rep binding, but it reasonable to 

assume that Rep binds to a region of Cap corresponding to the internal 

surface of the capsid, otherwise Rep would interfere with Cap-Cap 

interaction during capsid formation or be detected on the surface of 

native virus.  This function is equally as important as Cap’s DNA 

function, as Rep needs to be transported to the nucleus to initiate viral 

genome replication.   

 As the Cap is the only exposed protein on the virus, the ability to 

attach to host cell receptors and gain entry into the cell lie entirely with 

the Cap protein.  Information about cell entry and infection of BFDV is 

difficult to assess because in vitro methods have, so far, been 

unsuccessful.  The virus is known to replicate in several tissues, 

including skin, liver, gastrointestinal tract, bursa of Fabricus (Raidal 

and Cross 1994; Wylie and Pass 1987), and can be found in the spleen, 

thymus, thyroid, parathyroid and bone marrow (Latimer et al. 1990), 

however, the distinction between viral entry and replication in a host 

cell is obscure in these cases and would benefit from confirmation using 

cell culture.  Also, as was alluded to, the entry of the virus into a cell 

does not necessarily lead to viral replication, therefore, all cells 

containing viral particles may not contribute to the disease process.  

PCV2 has been found to replicate in the heart, liver, lymphoid organs 

and lungs (Saha et al. 2010; Sanchez et al. 2001), and in vitro replication 

has been shown in epithelial, kidney and monocyte cell lines (Misinzo et 

al. 2005; Nauwynck et al. 2012).  Evidence of cell entry has also been 

observed in vivo in enterocytes, pancreatic acinar and ductal cells, 

vascular endothelial cells, smooth muscle cells and fibroblasts (Darwich 
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et al. 2004) and is documented in vitro in epithelial cells, monocytes, 

macrophages, and monocytic-derived and bone marrow-derived 

dendritic cells (Meerts et al. 2005a; Meerts et al. 2005b; Misinzo et al. 

2005; Steiner et al. 2008; Vincent et al. 2003).  The receptors for cell 

entry were found to be glycosaminoglycans (GAGs), heparin sulphate 

and chondroitin sulphate B, which are present in many cell types 

(Misinzo et al. 2006).  Additional receptors may also that aid in cell 

entry because neither removal of heparin sulphate and chondroitin 

sulphate B nor competitive inhibition completely abolished infection.  

These results matched the perceived hypothesis about PCV2-cell 

receptor attachment because of the presence of a heparin sulphate 

binding motif, XBBXBX (B represents a basic amino acid and X 

represents a neutral/hydrophobic amino acid), found on the Cap 

protein (Cardin and Weintraub 1989; Misinzo et al. 2006), however, in 

2011, Khayat et al. determined the crystal structure of PCV2 Cap 

protein and this revealed information about cellular entry of the virus.  

The protein structure showed that the binding motif was on the 

internal surface of the capsid (Khayat et al. 2011).  Further 

investigation showed positively charged areas on the external surface 

of the capsid capable of binding heparin sulphate (Khayat et al. 2011), 

however, there is some level of specificity because the removal of 

chondroitin sulphate A, and keratin sulphate had no significant effect on 

PCV2 infection (Misinzo et al. 2006).    This information supports the 

view of Nauwynck et al. (2012) that slow and inefficient internalization 

are the result of weak binding of the virus to the cell surface.  Since the 

binding of the virus to a host cell receptor is not linked to a specific 
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motif, rather a positively charged cleft, the binding sites important for 

BFDV binding may not be clear until a crystal structure or sufficiently 

accurate structural data can be generated.  To crystallize the PCV2 

capsid protein 40 amino acids were omitted from the N-terminal, which 

contains the NLS.  The structure places the NLS inside the capsid and 

Khayat et al. (2011) proposes viral breathing as the mechanism of 

externalization.  As mentioned above, BFDV also possesses a similar 

NLS (within the first 56 amino acids) (Heath et al. 2006), which may 

face internally in BFDV as well.  As the NLS is composed of many 

positively charged arginine residues this portion of the protein would 

be able to bind heparin sulphate as well, but a viral structure showing 

exposed NLS domains would be convincing evidence of its ability to 

externalize the NLS through viral breathing and contribute to cell entry.  

The viral breathing hypothesis also contradicts the experiment by 

Misinzo et al. (2006), which used native PCV2.  If viral breathing was 

occurring in the PCV2 viruses used by Misinzo et al. (2006) then the 

NLS would have been exposed and been capable of attaching to the 

negative sulphate groups on keratin sulphate and chondroitin sulphate 

A.  On the other hand, Tardieu et al. (1982) warns that virus attachment 

to a non-specific receptor on a cell surface does not necessarily mean 

the virus will gain entry to the cell.         

 Since the Cap protein is the main immunogenic protein, it is also 

responsible for host immune system evasion.  Once again, the most 

important information for antigenic characteristics has been elucidated 

from the structural data.  Predictions about PCV epitopes had either 

been on the internalized surface and, therefore, not immunogenically 
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relevant or were composed of consecutive amino acids (Mahe et al. 

2000; Shang et al. 2009).  Without the knowledge of a protein’s 

structure it would be very difficult to predict which residues would be 

exposed and the residues that compose the surface may not necessarily 

be linear.  Thus, the structure of Cap has illuminated epitopes for 

monoclonal antibody (MAb) binding and has been useful to compare 

variation in binding of MAbs to PCV2 and PCV1.  Small mutations, 

sometimes only a single amino acid, were attributed to specific 

differences in MAb binding between the two porcine viruses (Khayat et 

al. 2011).  This highlights the selective pressure to employ mutations as 

a means to elude the host immune system, and can be related to the 

publication from Kundu et al. (2012), showing that viruses infecting the 

same population may have diverse biological fitness due to genetic 

mutations that translate into slight amino acid variation.    

 The BFDV Cap protein is responsible for many critical functions.  

This should not be surprising, as the minimalist composition of the 

virus must require proteins to multitask.  In total, Cap must successfully 

evade the host immune system, attach to a surface receptor on a cell 

that is appropriate for infection, bind to its own genome and viral 

proteins for localization into the nucleus where replication can occur, 

all while undergoing additional mutations, which select for optimal 

antigenicity and must not diminish critical function.  The 

multifunctional NLS region of Cap is ideal, accounting for binding of 

viral DNA and possibly Rep while directing transport to the nucleus, 

and allowing much of the remaining amino acids to mutate to enhance 

interactions with host immunity and target cells.  The high amount of 



Chapter 1: Literature Review 

 14 

positive residues and non-specificity in this region also enable the 

protein to continue mutating while maintaining basic function.   

 

1.4.2 Rep protein 

 There are major differences between Rep proteins from related 

viruses, however, many vital characteristics of the protein remain 

conserved.  As its name suggests, the Rep protein is necessary for 

replication of the viral genome and many features of the protein display 

this function.  The Rep protein is not involved in viral structure so it 

should not be exposed outside of the host cell and plays a nominal role 

in antigenicity.  These two factors, necessity to viral replication and 

minimal exposure to host immune system, support the conserved 

nature of the protein.  Indeed, the amino acid identities among BFDV 

isolates is 87-98% (Bassami et al. 2001; Hess et al. 2004; Khalesi et al. 

2005; Kondiah et al. 2006), showing a much higher level of 

conservation than the Cap amino acid sequence.  Another difference 

from Cap is that Rep has more than one domain; Rep has an 

endonuclease domain and a P-loop NTPase.  Although, both Cap and 

Rep must have multiple functions and bind to a range of substrates, the 

reason for multiple domains in Rep and not Cap may be the specificity 

and timing of the substrates they bind.  While Cap uses a single region 

to bind multiple proteins and DNA, Rep has several sites that may be 

used simultaneously to bind protein, DNA, ions, and carry out 

enzymatic activity.  These sites display characteristic motifs that have 

been visualized in the partial structure for the replication-associated 

protein in PCV2 that was determined using NMR (Vega-Rocha et al. 
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2007a).  The protein only shares 12-15% similarity to avian 

circoviruses, however, there is a high amount of conservation in the 

motifs responsible for DNA binding, metal ion binding, and DNA 

cleavage (Vega-Rocha et al. 2007a).  These motifs are conserved for a 

number of related viruses and confirmed by the regions whose 

structure was solved in tomato yellow leaf curl Sardinia virus (TYLCSV), 

a geminivirus (Campos-Olivas et al. 2002), and FBNYV, a nanovirus 

(Vega-Rocha et al. 2007b). 

 In the endonuclease domain, there are three motifs near the N-

terminal that are conserved across several circoviruses, geminiviruses, 

and nanoviruses.  The first motif, motif I, is FTLN (or FLTY in TYLCSV), 

the second, motif II, is HUQ (where U is a large, hydrophobic amino 

acid; HLQ in BFDV, PCV and FBNYV, and HLH in TYLCSV), and the third 

motif, motif III, is YXXK (YCSK in BFDV and PCV, YSMK in FBNYV, and 

YIDK in TYLCSV).  Motif I is thought to have structural significance and 

may help in ssDNA binding (Vega-Rocha et al. 2007a), but a definitive 

role has not been elucidated (Cheung 2012).  The sequence for motif II 

is the site for divalent metal ion binding (Ilyina and Koonin 1992; Vega-

Rocha et al. 2007a).  The presence of divalent metals, especially Mn2+ or 

Mg2+, but not Ca2+, enhances the DNA cleavage function of the 

endonuclease (Mankertz and Hillenbrand 2001; Vega-Rocha et al. 

2007a).  Sequestration of divalent metals with EDTA acts to abolish 

DNA cleavage (Vega-Rocha et al. 2007a).  Although many RCR proteins 

require divalent metals for activity (Laufs et al. 1995), the complete 

inhibition of the endonuclease activity without a divalent metal was not 

predicted because the presence of a Tyr in motif III already provides a 
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hydroxyl group, which is used as a nucleophile (Vega-Rocha et al. 

2007a), however, a similar divalent metal ion dependence and Tyr in 

motif III was discovered by Hickman et al. (2002) in a human 

parvovirus which also uses RCR.  The divalent metal typically becomes 

necessary because of its reaction with a water molecule to produce a 

nucleophile (Cowan 1998), but in this case this function would be 

redundant.  Upon further investigation it was seen that divalent metal 

binding to motif II had low affinity and was momentary.  This led to 

another discrepancy when considering that the Rep protein of the 

human parvovirus studied by Hickman et al. (2002) has an identical 

HLH motif to TYLCSV and also has a much stronger affinity to its 

divalent metal ion.  Vega-Rocha et al. (2007a) put forward an 

explanation that the purpose of the divalent metal ion is most likely to 

stabilize the DNA binding to the protein (Dupureur 2005), specifically 

mentioning its possible function to counter the negatively charged side-

chains of the protein and that the transient, low-affinity binding is a 

result of the circoviruses replacing the second His in the motif with a 

Gln, which has a neutral side-chain.  The final motif in the endonuclease 

domain, motif III, is structurally adjacent to motif II.  Motif III is 

important because it possesses the Tyr capable of cleaving DNA.  This 

motif is found on a α-helix, which extends across top faces of the β-

sheets that contain the other two motifs, hence, all three motifs are in 

close proximity (Vega-Rocha et al. 2007a).  Together, these motifs are 

essential for the replication of the viral genome, and mutations to any 

part of these motifs were shown to decrease replication of PCV1 

(Mankertz and Hillenbrand 2001), however, a recent study on an 
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outbreak of BFDV revealed mutations in Rep and contended that an 

increase in virulence was possibly attributed to a specific mutation in 

motif II, changing a Phe to a Leu (Kundu et al. 2012).  Since this 

mutation is found in the extended notation of motif II (no F, found in the 

HUH motif mentioned above) and the motif as described by Niagro et al. 

(1998) contains a U in the position of the Phe, the mutation from a Phe 

to a Leu likely has little effect as it is simply switching one large 

hydrophobic residue for another.  The endonuclease domain also 

contains a putative pyrophosphatase (Niagro et al. 1998).  This region 

does not appear to be conserved and there is no information on the 

efficiency of pyrophosphatases in circoviruses.  A second mutation was 

noted by Kundu et al. (2012) and corresponded to the pyrophosphatase 

sequence; this mutation may have caused the increase in virulence as it 

may have improved the efficiency of the pyrophosphatase with other 

functions of the enzyme.            

 The second domain on Rep is a P-loop NTPase.  This dNTP 

binding site is characterized by the motif GKS, which is conserved 

across circoviruses (Ilyina and Koonin 1992; Niagro et al. 1998).  A 

similar motif acts as an ATP/GTPase in TYLCV and is necessary for its 

genome replication (Desbiez et al. 1995).  In BFDV, this P-loop likely 

acts as a helicase (Mankertz et al. 2003; Niagro et al. 1998). 

 Rep of BFDV must also be able to bind Cap.  Without this ability 

Rep would not be able to localize in the nucleus and participate in 

replication.  A broad determination of the Rep binding region on Cap 

was hypothesized earlier; it is also not known where the Cap binding 

region is on Rep.  This information would also be important, because 
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certain mutations to the Cap binding region on Rep could eliminate the 

protein interaction, rendering Rep non-functional as it cannot enter the 

nucleus independently.     

 Although these motifs are highly conserved throughout 

circoviruses, several important differences exist between the Rep 

proteins of BFDV and the porcine circoviruses.  Firstly, for replication to 

proceed the porcine circoviruses requires two forms of Rep, Rep and 

Rep’, which are both encoded for in ORFV1 (Mankertz and Hillenbrand 

2001; Mankertz et al. 2003).  The use of two Rep proteins has not been 

disproven for BFDV, but it is likely that BFDV only uses one transcript 

of Rep.  The PCV Rep proteins are identical in the N-terminal but Rep 

has 312 residues and possesses all motifs of the endonuclease and P-

loop domains, while Rep’ has 168 amino acids and only contains the 

motifs from the endonuclease domain (Cheung 2012).  As Rep’ does not 

have a P-loop, it most likely changes its function to that of a nickase, 

rather than a helicase (Mankertz et al. 2003).  Another difference 

between BFDV and PCV is that the Rep proteins of PCV have an NLS and 

are capable to independently localize in the nucleus (Finsterbusch et al. 

2005).  Since the NLS is located in the N-terminal of the protein, both 

Rep and Rep’ have an NLS.       

 This thesis intends to further characterize BFDV Cap and 

evaluate the use of a recombinant Cap protein.  To do this the most 

basic steps must first be undertaken.  A recombinant protein must be 

produced and rigorously tested to ensure its similarity to native BFDV.  

Progress in this area can lead to improved methods to research the 

basic biology and interactions of BFDV with its host, and determine the 
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most suitable treatment, while presenting a range of options for 

therapeutic targets. 

 



 

20 
 

Chapter 2. Expression, purification and analysis 
of BFDV Cap in Escherichia coli 

2.1 Summary 

 Prior to this study, the recombinant expression of BFDV capsid 

protein relied on inefficient techniques that typically produced low 

yields or used specialized expression systems, which greatly increased 

the cost and expertise required for mass production.  Many new 

methods, information, and commercial interests could be generated 

with improving the efficiency of recombinant BFDV capsid protein 

expression.  Here, an E. coli system was used to express the 

recombinant Cap, followed by purification by affinity and size exclusion 

chromatography.  A buffer containing glycerol, β-mercaptoethanol, 

Triton X-100, and a high concentration of NaCl was also used to 

increase solubility of the protein.  The final concentration of the protein 

was fifteen- to twenty-fold greater than that produced in previous 

publications using E. coli expression systems.  Immunoassays were 

used to confirm the specific antigenicity of the recombinant Cap, 

verifying its validity for use in continued experimentation.        

 

2.2 Introduction 

The BFDV genome encodes only a single structural protein, Cap, 

which self-associates to form the outer capsid of the virus.  Since Cap is 

the only exposed protein of the intact virus, it is the major factor in 

antigen presentation of the virus, and thus, there is interest to develop 

an efficient technique to express and purify the protein.        
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Expression of this protein has been achieved using baculovirus 

(Heath et al. 2006; Stewart et al. 2007) and Escherichia coli (Johne et al. 

2004) systems, however, they were tedious and required specialized 

techniques, or had low protein yields and required the presence of 

fusion proteins for stability and solubility. Difficulties have also arisen 

preventing efficient expression.  The full-length Cap protein was unable 

to be expressed in E. coli by Johne et al. (2004), presumably because the 

large number of Arg residues at the N-terminal inhibited mRNA 

translation in E. coli (Alexandrova et al. 1995; Varenne and Lazdunski 

1986).  Although baculovirus expression systems are advantageous for 

producing properly folded, full-length proteins, Heath et al. (2006) also 

reported a 2.5 times increase in recombinant protein yield in 

baculovirus when the first 40 amino acids were omitted from the N-

terminal of the Cap sequence.   

Production of significant amounts of protein at low cost with 

minimal infrastructure would be ideal for commercial uses of 

recombinant Cap as a potential vaccine or in diagnostic assays.  This 

chapter describes a simple and efficient method to produce large 

amounts of recombinant Cap at different levels of purity, and 

verification of the protein using ELISA and Western blot assays.  

 

2.3 Materials and Methods 

2.3.1 Viral DNA extraction 

 Viral DNA was extracted separately from dried blood spots of a 

known infected long-billed corella (Cacatua pastinator) and an Orange-

bellied parrot (OBP; Neophema chrysogaster) using a QIAmp DNA Blood 
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Mini Kit according to manufacturer’s instructions (Qiagen, catalogue no. 

51104).  Three hole-punched circles of filter paper containing the dried 

blood were placed in a 1.5 mL microcentrifuge tube with 180 µL of 

Buffer ATL and incubated at 85°C for 10 minutes.  After brief 

centrifugation, 20 µL of Proteinase K was added, vigorously mixed, and 

incubated at 56°C for one hour.  The sample was briefly centrifuged and 

200 µL of Buffer AL was vigorously mixed for a 10-minute incubation at 

70°C.  Following the incubation, 200 µL of 100% ethanol was added, 

mixed vigorously and briefly centrifuged.  The sample was transferred 

to a QIAmp spin column and centrifuged for 1 minute at 6000 × g.  The 

flow-through was discarded and 500 µL of Buffer AW1 was added to 

the column.  The sample was re-centrifuged for one minute at 6000 × g 

and the flow-through discarded.  Five hundred µL of Buffer AW2 was 

added to the column and the sample was centrifuged for three minutes 

at 20000 × g.  The column was placed in a clean 1.5 mL microcentrifuge 

tube and 150 µL of Buffer AE was added to the column.  The sample was 

centrifuged at 6000 × g for one minute and the eluate stored at -20°C 

until use.         

 

2.3.2 Polymerase chain reaction 

A full-length genome of BFDV was attained from Genbank 

(accession number: AF08060)(Bassami et al. 1998).  The DNA sequence 

for the capsid gene was located and translated using Vector NTI 

(Invitrogen).  Primers (CAPSID FWD 5’-

TACTTCCAATCCAATGCCACAACCAATAGAATTTACACTCTCAG-3’; 
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CAPSID REV 5’-

TTATCCACTTCCAATGTTAGGCAAACTGACGGAATTGAAC-3’) were 

designed to amplify the 594 base pairs of capsid gene from ∆N40 to 

∆C238 and include a 16 base overhang to facilitate ligation independent 

cloning (LIC).  The target sequences from the BFDV-positive corella and 

BFDV-positive OBP sample were amplified by PCR similar to the 

protocol described by Ypelaar et al. (1999).  A 0.2 mL tube containing 2 

mM MgCl2, 0.2 mM dNTPs, 0.4 µM CAPSID FWD, 0.4 µM CAPSID REV, 

1.2 units of Tth Plus DNA Polymerase, 1 X reaction buffer (all reagents, 

except primers, from Fisher Biotec), and 4 µL of sample DNA, was made 

up to a total volume of 50 µL for the reaction.  Reactions were carried 

out in a BioRad S1000 Thermal Cycler (BioRad) and consisted of an 

initial step at 95°C for 5 minutes, 32 cycles consisting of 95°C for 30 

seconds, 60°C for 30 seconds and 72°C for 1 minute, and a final 

elongation step at 72°C for 10 minutes.  PCR products were confirmed 

by electrophoresis for 2 hours at 70 V in a 1% agarose gel with 0.2 

µg/mL ethidium bromide.            

 

2.3.3 Cloning  

The amplicon from the PCR was cloned into pMCSG21 (Stols et al. 

2007) using methods similar to those described by (Donnelly et al. 

2006).  The vector, pMCSG21 was prepared by mixing 15 µg of vector 

DNA with 1X SspI reaction buffer (Promega) to a total volume of 100 µL 

in a 0.2 mL tube at 4°C.  Twenty units of SspI restriction enzyme 

(Promega) was then added and incubated at 37°C for two hours.  After 
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the incubation, cleavage of the vector DNA was confirmed by 

electrophoresis in a 1% agarose gel with 0.2 µg/mL ethidium bromide.   

The linearized pMCSG21 DNA vector, BFDV-positive corella 

sample PCR product, and BFDV-positive OBP sample PCR product were 

excised from the agarose gel was extracted using a QIAquick Gel 

Extraction Kit (Qiagen).  The excised gel slabs were weighed and three 

times the volume of Buffer QG was added (if 100 mg piece of gel, add 

300 µL of Buffer QG) in a 1.5 mL microcentrifuge tube.  The gel in Buffer 

QG was incubated at 50°C for 10 minutes while being mixed vigorously 

at two-minute intervals.  One gel volume of isopropanol was added (if 

100 mg piece of gel, add 100 µL isopropanol) to the microcentrifuge 

tube and mixed.  The sample was transferred to a QIAquick spin column 

and centrifuged for one minute at 17900 × g.  The flow-through was 

discarded and 750 µL of Buffer PE was added to the column.  The 

sample was centrifuged for one minute at 17900 × g, flow-through 

discarded, and centrifuged again for one minute at 17900 × g.  The 

column was placed in a clean 1.5 mL microcentrifuge tube 30 µL of 

Buffer EB was added to the column.  After incubating the column with 

Buffer EB for one minute at room temperature, the sample was 

centrifuged for one minute at 17900 × g.  The resulting eluate was 

collected and DNA concentration was quantified by measuring the 

absorbance at 260 nm using a UV-1800 spectrophotometer (Shimadzu).        

 The gel extracted vector and BFDV DNA were treated with T4 

polymerase.  Clean 1.5 mL microcentrifuge tubes were placed on ice 

and 20 ng of gel extracted BFDV-positive corella PCR product, and 

BFDV-positive OBP PCR product were added to separate tubes, along 
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with 1X T4 polymerase reaction buffer (Novagen), 2.5 mM dCTP 

(Promega), 5 mM DTT, and 2.5 units of LIC qualified T4 DNA 

polymerase (Novagen) in a total volume of 40 µL.  In a separate 1.5 mL 

microcentrifuge tube 200 ng of pMCSG21 DNA, 1X T4 polymerase 

reaction buffer, 2.5 mM dGTP (Promega), 5 mM DTT, and 2.5 units T4 

DNA polymerase were mixed to a total volume of 40 µL.  Solutions in 

both microcentrifuge tubes were left to incubate at 22°C for 30 minutes, 

and then heated to 75°C for 20 minutes.  To ligate the products, 1.5 µL 

of 5.0 ng/µL pMCSG21 DNA and 1.0 µL of 0.5 ng/µL BFDV DNA treated 

with T4 polymerase were mixed and incubated on ice for 30 minutes.   

      

2.3.4 Transformation 

 The prepared plasmid was transformed into Top10 E. coli cells 

(Invitrogen).  The microcentrifuge tube containing the ligated plasmid 

was placed on ice and 25 µL of Top10 E. coli cells were added and 

incubated for 30 minutes.  The cells were heat-shocked at 42°C for 45 

seconds and immediately moved to ice for two minutes.  After 

incubation on ice, 225 µL of S.O.C. medium (Invitrogen) was added to 

the cells and they were incubated for one hour at 37°C in an orbital 

shaker at 225 RPM.  The cell suspension was then spread on a Luria-

Bertani (LB) agar plate containing 100 µg/mL of spectinomycin (Sigma) 

and incubated overnight at 37°C. 

 To confirm that the BFDV DNA was properly inserted into 

pMCSG21, single colonies were picked from the agar plates and 

cultured in 5 mL of LB broth with 100 µg/mL spectinomycin.  The cells 
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were incubated at 37°C overnight in an orbital shaker at 225 RPM.  

Plasmid DNA was extracted from the cells using a QIAprep Spin 

Miniprep Kit (Qiagen) according to the manufacturer’s instructions.  

Aliquots of the cell culture were centrifuged in a 1.5 mL microcentrifuge 

tube for three minutes at 6800 × g, discarding the supernatant, until the 

entire cell culture had been pelleted.  The cell pellet was resuspended in 

250 µL of Buffer P1.  Additionally, 250 µL of Buffer P2 was added and 

mixed by inverting the tube several times.  After suspension was 

homogenously mixed, 350 µL of Buffer N3 was added and thoroughly 

mixed by inverting the tube several times.  The sample was centrifuged 

for 10 minutes at 17900 × g and 750 µL of supernatant was pipetted 

and transferred to a QIAprep spin column.  The supernatant was 

centrifuged for 45 seconds at 17900 × g and the flow-through was 

discarded.  The spin column was washed by adding 500 µL of Buffer PB 

in the column and centrifuged for 45 seconds at 17900 × g followed by 

an adding 750 µL of Buffer PE and centrifuging for 45 seconds at 17900 

× g, the flow-through being discarded after both centrifugations.  The 

spin column was centrifuged for an additional minute, placed in a clean 

1.5 mL microcentrifuge tube and 50 µL of Buffer EB was added to the 

column.  After a one-minute incubation with Buffer EB, the sample was 

eluted by centrifuging at 17900 × g for one minute.  The sample was 

prepared for sequencing by mixing 11 µL of the plasmid DNA eluate 

with 1 µL of 10 mM vector sequencing primer (pMCSG21_SEQ_FWD 5’-

AGATATACATATGCACCATCATCATCATC-3’; pMCSG21_SEQ_REV 5’-

GAGTGCGGCCGCAAGC-3’).  Sequencing was performed at the Australian 
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Genome Research Facility (AGRF), and the Cap sequences were 

submitted to GenBank (corella isolate GenBank accession number: 

KC121339, OBP isolate GenBank accession number: KC121340). 

 For expression, the plasmid was transformed into E. coli BL21 

DE3 cells (Invitrogen).  The E. coli cell suspension was placed on ice for 

30 minutes before 1.5 µL of plasmid DNA was added to the suspension.  

The cells were incubated with the plasmid DNA on ice for another 30 

minutes before being heat-shocked at 42°C for 45 seconds.  The 

suspension was placed on ice for two minutes and 250 µL of LB broth 

was added.  The cells were incubated at 37°C for an hour in an orbital 

shaker at 225 RPM and 100 µL of the suspension was spread onto an LB 

agar plate containing 100 µg/mL of spectinomycin.  The plate was 

incubated overnight at 37°C and stored at 4°C.                 

 

2.3.5 Protein expression 

 Colonies were picked from the LB agar plate and cultured in 5 

mL of LB broth containing 100 µg/mL of spectinomycin overnight at 

37°C in an orbital shaker at 225 RPM.  One mL of the E. coli BL21 starter 

culture was added to 500 mL of LB media with 100 µg/mL 

spectinomycin in a baffled flask at 37˚C in an orbital shaker at 90 RPM 

and grown until reaching an optical density of 0.6.  Cultures were 

cooled to 20˚C, induced with 1 mM isopropylthio-β-d-galactoside (IPTG; 

Sigma) and allowed to grow for 24 hours.  Bacterial cells were pelleted 

by centrifugation in a J2-21M/E Centrifuge (Beckman) at 6000 RPM for 

30 minutes, resuspended in Capsid Buffer A, containing 50mM sodium 
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phosphate (Sigma), 500mM NaCl (Sigma), 30mM imidazole (Sigma), 

1mM β-mercaptoethanol (Sigma), 10% glycerol (Fluka) and 0.1% 

Triton X-100 (Sigma) at pH 8, and stored at -20˚C.    

 

2.3.6 Recombinant protein purification 

 To purify, cells were thawed and 20 mg of lysozyme (Sigma) and 

0.5 mg of DNaseI (Invitrogen) were added to the suspension and cells 

were exposed to another freeze/thaw cycle.  FastBreak Cell Lysis Buffer 

(1X; Promega) was added to the suspension and incubated on ice for 30 

minutes, mixing occasionally.  Cellular debris was pelleted by 

centrifugation in a J2-21M/E Centrifuge (Beckman) at 15000 RPM for 

30 minutes.  The supernatant was filtered through a 0.45 µm low 

protein-binding filter (Millipore) before purification through a 5 mL 

HisTrap HP column (GE Healthcare) on an AKTApurifier FPLC (GE 

Healthcare).  Sample was eluted in Capsid Buffer B, similar to Capsid 

Buffer A with the exception of containing 500 mM imidazole.  Peak 

fractions were collected and the His tag was cleaved by incubating with 

800µg of TEV protease at 4˚C overnight.  Recombinant Cap was purified 

by a size exclusion HiLoad 26/60 Superdex 200 column (GE Healthcare) 

in Capsid Buffer C, containing 20 mM Tris, 300 mM NaCl, 10% glycerol, 

1 mM β-mercaptoethanol, and 0.1% Triton X-100 at pH 8.  The peak 

fractions were pooled and concentrated between 1.5 mg/ml and 2.0 

mg/ml in Amicon Ultra 10kDa filter tube (Millipore).  Samples at all 

stages were collected and confirmed using SDS-PAGE.  Purification of 

recombinant Cap was also attempted using His Buffer A, containing 50 

mM phosphate buffer (0.0466 mol dibasic sodium phosphate, 0.0034 
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mol monobasic sodium phosphate), 300 mM NaCl, and 20 mM 

imidazole at pH 8, for cell resuspension and His Buffer B, containing 50 

mM phosphate buffer, 300 mM NaCl, and 500 mM imidazole at pH 8, for 

affinity chromatography elution, as well as TEV Buffer A, containing 50 

mM phosphate buffer, 500 mM NaCl, 30 mM imidazole, and 10% 

glycerol at pH 8, for cell resuspension and TEV Buffer B, containing 50 

mM phosphate buffer, 500 mM NaCl, 500 mM imidazole, and 10% 

glycerol at pH 8, for affinity chromatography elution.  Purification from 

size exclusion chromatography was also attempted using glutathione S-

transferase (GST) Buffer A, containing 20 mM Tris and 125 mM NaCl at 

pH 8. 

 

2.3.7 SDS-PAGE 

 Protein samples were separated on a 4-12% 

polyacrylamide/Bis-Tris gel (Invitrogen) in 1X MES running buffer 

(Invitrogen).  Electrophoresis was carried out at 150 V for 60 minutes.  

Gels not used for Western blotting were stained in a solution with 40% 

ethanol, 10% glacial acetic acid, and 0.2% Coomassie Brilliant Blue for 

at least 3 hours at room temperature with gentle shaking and de-

stained in a solution with 10% ethanol and 10% glacial acetic acid for at 

least 3 hours at room temperature with gentle shaking. 

 

2.3.8 Western Blotting 

 Following SDS-PAGE, proteins were transferred onto 

nitrocellulose (BioRad) using a Criterion Blotter apparatus (BioRad) at 

80 V for 60 minutes.  The membrane was blocked for an hour at room 
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temperature in tris-buffered saline solution with 0.05% Tween 20 

(TBST) containing 5% skim milk while gently rocking.  The solution 

was discarded and the membrane was washed three times for 5 

minutes with TBST.  A monoclonal antibody (MAb), 3F8-1 (Ab 

Solutions; 1mg/ml), was diluted 1:800 in 5% skim milk TBST and 

incubated with the nitrocellulose membrane for two hours at room 

temperature while gently rocking.  The monoclonal antibody solution 

was discarded and the membrane was washed three times for 5 

minutes with TBST.  Horseradish peroxidase (HRP)-conjugated goat 

anti-mouse IgG (Sigma) was diluted 1:1000 in 5% skim milk TBST and 

incubated with the membrane for one hour at room temperature while 

gently rocking.  The solution was discarded and the membrane was 

washed three times for 5 minutes with TBST.  Bands were visualized 

with 3,3’,5,5’-tetramethylbenzidine (TMB) Liquid Substrate System for 

Membranes (Sigma).  Colour development was stopped by washing the 

membrane with deionized water for one minute.   

 

2.3.9 Immunohistochemistry of BFDV infected sample 

 Immunohistochemistry was performed using the MAb 3F8-1 on 

formalin fixed-skin tissue from a naturally infected OBP, submitted to 

the Veterinary Diagnostic laboratory, as described by Shearer et al. 

(2008b).  The OBP chick was demonstrated to be BFDV positive by 

diagnostic blood PCR (Figure 2.10).   
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2.3.10 Indirect enzyme-linked immunosorbent assay (ELISA)     

 Indirect ELISAs were preformed similar to the methods of 

Shearer et al. (2008b).  E. coli expressing recombinant corella Cap were 

lysed as described in section 2.3.6 and the suspension was centrifuged 

for 3 minutes at 17900 × g.  The supernatant was removed and 5 µL 

was added to 10 mL of 0.5 M sodium bicarbonate buffer.  The solution 

was vortexed and 100 µL was placed in each well of the first column on 

a 96-well Microlon ELISA plate (Grenier-BioOne) with sequential 

columns being diluted by 9:10 in sodium bicarbonate buffer.  Additional 

well columns were coated with 100 µL sodium bicarbonate buffer 

containing 3 µg/mL of purified recombinant Cap, or sodium 

bicarbonate buffer containing 0.5 µL/mL of E. coli cell lysate of cells not 

expressing recombinant Cap.  The plates were sealed and incubated 

overnight at 4°C.  The buffer was discarded and the wells were washed 

three times with PBS with 0.5% Tween 20 (PBST).  The wells were 

blocked with 100 µL of PBST containing 5% skim milk for 1 hour at 

room temperature in a humidified container.  The buffer was discarded 

and the wells were washed three times with PBST.  Wells were blocked 

for an additional hour with 50µL of 5% skim milk PBST.  The buffer was 

discarded and the plate was washed three times with PBST.  MAb 3F8-1 

was diluted 1:800 (1 mg/mL stock) in 5% skim milk PBST and 50 µL of 

the solution was added to each well.  The plate was incubated for 1 

hour at room temperature in a humidified container.  The solution was 

discarded and the plate washed three times in PBST.  HRP-conjugated 

goat anti-mouse IgG was diluted 1:1000 in 5% skim milk PBST and 50 

µL was added to each well.  The plate was incubated for 1 hour at room 
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temperature in a humidified container.  The solution was discarded and 

the plate was washed three times with PBST.  Colour was developed by 

adding 50 µL of 3,3’,5,5’-TMB Liquid Substrate System for ELISA 

(Sigma).  Colour development was stopped after 30 minutes with 50 µL 

of 1M HCl and the absorbance was detected at 450 nm.  Negative 

control wells used either no protein in the sodium bicarbonate buffer or 

were not incubated with HRP-conjugated goat anti-mouse IgG. 

 

2.3.11 Evaluation of recombinant Cap solubility  

 An in silico analysis was performed using TANGO software 

(EBML) to predict the probability of protein aggregation.  The amino 

acid sequences for recombinant Cap from the BFDV-positive corella, 

recombinant Cap from the BFDV-positive OBP, and PCV2 Cap were 

analyzed and compared.   

 

2.4 Results 

2.4.1 Analysis of PCR and sequencing of BFDV-positive corella and 
BFDV-positive OBP samples 

 PCR of the DNA from the corella, and OBP bloodspots produced a 

band that corresponded to the expected product, including two 16 base 

pair overhangs for LIC, at approximately 626 base pairs (Figure 2.1).  

After cloning and transformation, single colonies resistant to 

spectinomycin were selected.  Sequencing of the plasmid in one of these 

colonies showed the capsid gene ∆N40-C238 properly inserted for both 

amplicons (Figure 2.2).  The inserts were directly following a 6 × His tag 

with a TEV cleavage site, and possessed stop codons.  The sequences 
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amplified from BFDV Cap isolated in the corella and OBP shared 86% 

nucleotide identity.  There were a total of 86 point mutations caused by 

38 transition mutations and 48 transversion mutations.  The amino acid 

sequence between the two proteins showed 77% identity, a total of 45 

residues having mutated, and 88% similarity.  Of the amino acid 

mutations causing property changes in the residues, eight non-polar 

residues from the corella sequence became polar in the OBP sequence, 

six polar residues became non-polar, two polar residues mutated to 

acidic residues, two acidic residues became polar, one polar residue 

changed to a basic residue, and a single basic residue became polar.  

The viral sequences from both corella and OBP isolated BFDV differed 

from that reported by Bassami et al. (1998), the sequence from which 

the primers were designed, as shown in Figure 2.2 and Figure 2.3. 

  

 

 

Figure 2.1: PCR product of capsid ∆N40-C238 
amplified from a known BFDV-positive corella 
blood spot with CAPSID FWD and REV primers 
following electrophoresis on a 1% agarose gel 
stained with ethidium bromide.  Lane 1 is a 100 
bp marker, lane 2 is a negative control, and lane 
3 is the capsid ∆N40-C238 amplicon in a 
location corresponding to its approximate 
length of 626 bp.  The BFDV-positive corella 
amplicon is representative of the BFDV-positive 
OBP amplicon. 
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Figure 2.2: The DNA sequences of corella-isolated BFDV Cap (CapinpMCSG21), OBP-
isolated BFDV Cap (OBP450MCSG21), and Cap sequence from Bassami et al. 
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(1998)(BassamiCap). The unhighlighted nucleotides from CapinpMCSG21 and 
OBP450MCSG21 correspond to nucleotides in the plasmid, pMCSG21, the grey 
highlighted region includes the His-tag and TEV cleavage site added for protein 
purification, the blue highlight is the stop codon, and the yellow highlight represents 
the DNA sequence of recombinant corella-isolated BFDV Cap, and OBP-isolated BFDV 
Cap.  The DNA sequences are compared, with “-“ denoting identical nucleotides and “*” 
denoting mutations.    

 

 

Figure 2.3: Amino acid sequences of recombinant corella-isolated BFDV Cap 
(recCapProtein), recombinant OBP-isolated BFDV Cap (OBPCapProtein), and BFDV 
Cap from Bassami et al. (1998).  The grey highlighted residues contain the His-tag and 
TEV cleavage site, the blue highlight is the stop codon, and the yellow highlight is the 
recombinant Cap protein of each isolate.  Sequences are compared and identical 
residues are indicated by “-“ and mutated residues are indicated by “*”. 

 

2.4.2 Analysis of SDS-PAGE and purification 

 SDS-PAGE showed overexpression of a protein corresponding 

with the expected size of ∆N40-C238 Cap-His tagged protein, 

approximately 25 kDa, in the E. coli cell lysates of cells expressing the 

BFDV-positive corella amplicon, and the BFDV-positive OBP amplicon. 
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A band representing the corresponding protein also appeared in the 

following purification steps of crude extract and affinity 

chromatography for recombinant Cap with the BFDV-positive corella 

amplicon (Figure 2.4), however, purification of recombinant Cap from 

cells containing the BFDV-positive OBP amplicon was less successful.  

The band corresponding to recombinant Cap from the OBP isolate 

significantly diminished from the samples upon centrifugation of the 

cell lysate, indicating that the majority of the protein was not soluble 

(Figure 2.5).  The affinity chromatography graphs for purification of the 

Cap proteins also shows the drastic difference between the corella and 

OBP recombinant Cap in the eluate (Figure 2.6 and Figure 2.7).   

Following TEV cleavage and size exclusion chromatography, the BFDV-

positive corella Cap protein band is seen to drop by approximately 3 

kDa to correspond with pure recombinant Cap and become more 

intense following concentration of the pooled fractions.  The elution 

volume and single peak on the purification graph of recombinant Cap 

from size exclusion chromatography also suggests that the protein 

eluted as a monomer (Figure 2.8).  The final concentration of 

recombinant Cap was approximately 1.5 to 2.0 mg/mL, with a soluble 

yield of 3.0 mg/L of culture.  Purification with His Buffers A and B, and 

TEV Buffers A and B were less successful, with lower protein yields 

being observed when compared to purification with Cap Buffers A and 

B.  Purification of recombinant Cap with GST Buffer A also resulted in 

lesser yield than when purified with Cap Buffer C.    
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Figure 2.4: SDS-PAGE of recombinant corella-isolated BFDV Cap.  Lanes 1 and 9 are 
molecular weight marker, the solid arrow indicating the 25 kDa marker, and the 
hollow arrow indicating the 20 kDa marker.  Lane 2 is the E. coli cell lysate; an 
overexpressed band of recombinant Cap can be seen at 25 kDa.  Lane 3 is the soluble 
extract of the cell lysate, lane 4 is the flow through from affinity chromatography, lane 
5 are the pooled fractions from affinity chromatography elution.  Lane 6 is the 
cleavage product of recombinant Cap; tag-less recombinant Cap appears at 
approximately 22 kDa, TEV can be seen at approximately 27 kDa, and the His-tag at 
approximately 3 kDa.  Lane 7 is the peak fraction from size exclusion chromatography, 
and lane 8 is the concentrated pooled fractions of recombinant Cap from size 
exclusion chromatography. 

 

 

Figure 2.5: SDS-PAGE of recombinant 
OBP-isolated BFDV Cap.  Lane 1 is a 
molecular weight marker, the solid 
arrow indicating the 25 kDa marker.  
Lane 2 is the E. coli cell lysate; an 
overexpressed band of recombinant Cap 
can be seen at 25 kDa.  Lane 3 is the 
soluble extract of the cell lysate, lane 4 is 
the flow through from affinity 
chromatography, lane 5 is the pellet, 
which resulted from centrifugation of 
the cellular lysate; a band corresponding 
to recombinant Cap can be seen at 25 
kDa.  Lane 6 is the peak fraction from 
affinity chromatography elution.   
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Figure 2.6: Graph displaying the purification of corella recombinant Cap by affinity 
chromatography.  The green trace indicates the buffer gradient, with 100% Capsid 
buffer A at the top of the graph, as at 0 mL, and 100% Capsid buffer B at the bottom of 
the graph, as at 150 mL.  The blue trace represents absorbance as an indication of 
protein presence.  The peak immediately following from 0 mL is the peak resulting 
from the flow through of the crude extract, and the peak at 150 mL is the elution of 
corella recombinant Cap.  
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Figure 2.7: Graph displaying the purification of OBP recombinant Cap by affinity 
chromatography.  The green trace indicates the buffer gradient, with 100% Capsid 
buffer A at the bottom of the graph, as at 0 mL, and 100% Capsid buffer B at the top of 
the graph, as at 100 mL.  The pink dotted line indicates the point of injection with the 
crude extract.  The red numbers indicate the fraction in which the sample was 
collected.  The blue trace represents absorbance as an indication of protein presence.  
The peak immediately following from 0 mL is the peak resulting from the flow 
through of the crude extract, and the peak at 90 mL (collected at fraction 18) is the 
elution of OBP recombinant Cap.  
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Figure 2.8: Graph of the purification of corella recombinant Cap (A) and Capsid buffer 
B negative control (B) by size exclusion chromatography.  The brown trace indicates 
the salt level in the elution.  The blue trace represents absorbance as an indication of 
protein presence.  The single, sharp peak at 250 mL in graph A indicates the elution of 
recombinant Cap as a monomer, prior to the increase in salt concentration.  Other 
variations seen in the absorbance level throughout the elution may be seen as a result 
of the buffer, as compared with graph B. 

 

A 

B 



Chapter 2: Expression, purification and analysis of BFDV Cap in Escherichia coli 

 41 

2.4.3 Recognition of recombinant Cap protein with a monoclonal 
antibody 

 The Western blot showed MAb 3F8-1 binding recombinant Cap 

from cells expressing the BFDV-positive corella amplicon both as part 

of E. coli cell lysate and as purified, untagged protein (Figure 2.9).  

Interestingly, during the Western blot the MAb was not able to detect 

the recombinant protein from cell lysate containing recombinant OBP 

BFDV Cap.  Immunohistochemistry on the infected OBP skin tissue 

showed positive staining for BFDV Cap (Figure 2.10), while negative 

control samples did not show positive staining.  Indirect ELISA was 

capable of detecting the presence of recombinant Cap from cells 

expressing the BFDV-positive corella amplicon as E. coli cell lysate and 

as a purified, untagged protein (Table 2.1).  Absorption in the ELISA 

was proportional to the amount of protein added.  Lysate from E. coli 

not expressing recombinant Cap had a minimal amount of absorbance 

and was recorded as a negative result for the assay. 
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Figure 2.9: Western blot and coomassie stained gel of recombinant BFDV Cap samples.  
Lane 1 is a molecular weight marker, the solid arrow indicating the 25 kDa marker, 
and the hollow arrow indicating the 20 kDa marker.  Lane 2 is the E. coli cell lysate of 
cells expressing recombinant corella-isolated BFDV Cap, lane 3 is E. coli cell lysate of 
cells expressing recombinant OBP-isolated BFDV Cap, lane 4 is purified, tag-less, 
recombinant corella-isolated BFDV Cap, lane 5 is E. coli cell lysate of cells expressing 
recombinant OBP-isolated BFDV Cap, and lane 6 is a negative control.  A band 
representing the His-tagged recombinant corella-isolated BFDV Cap at 25 kDa, and 
tag-less corella-isolated BFDV Cap at approximately 22 kDa can be seen in lanes 2 and 
4, respectively.  The recombinant OBP-isolated BFDV Cap is not recognized by the 
MAb.
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Figure 2.10: Immunohistochemistry 
of BFDV-positive OBP formalin-fixed, 
skin sample.  The brown staining 
indicates detection of native BFDV 
Cap by MAb 3F8-1 in keratinocytes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 2.1: The absorbances of differing concentrations of E. coli cell lysate, both 
expressing recombinant Cap and not expressing recombinant Cap, and pure, untagged 
recombinant Cap protein at 450 nm.  The table shows that adding no cell lysate to the 
wells gives an almost identical absorbance to E. coli cell lysate not expressing 
recombinant Cap, and that purified recombinant Cap has a similar absorbance to 
higher concentrations of E. coli expressing recombinant Cap cell lysate.  

Sample 
Concentration of cell lysate 

(nL/mL) 
Average absorbance (at 

450 nm) 

E. coli expressing 
recombinant Cap cell 
lysate 

500 3.225 
450 3.630 
405 3.658 
365 3.657 
329 3.543 
296 3.402 
266 3.042 
240 2.836 
215 2.425 
194 1.870 
175 1.514 
158 1.350 
142 1.018 
128 0.787 
115 0.643 
104 0.530 
94 0.421 
85 0.341 
77 0.289 
69 0.272 
62 0.265 
0 0.044 

E. coli not expressing 
recombinant Cap cell 
lysate 

2000 0.045 

 Concentration of purified 
recombinant protein (µg/mL) 

Average absorbance (at 
450 nm) 

Recombinant Cap 3.00 3.485 
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2.4.4 Analysis of the probability of protein aggregation 

 The program TANGO was used to predict the likelihood of 

aggregates being formed as a result of protein expression in E. coli.  The 

sequences of both BFDV recombinant Caps showed regions with 

significant risk of aggregation, the OBP sequence more so than the 

corella sequence.  These differences appear to be specific to mutations 

in the latter portion of the protein, specifically residues 182-186, which 

greatly increases the probability of aggregation in the OBP recombinant 

Cap (Figure 2.11).  Conversely, PCV2 Cap was predicted to have 

minimal risk of aggregation, with the residues homologous to amino 

acids 182-195 in the BFDV sequences showing great reductions in 

aggregation potential. 
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Figure 2.11: Graphs generated by TANGO to show the probability of aggregation of 
each protein sequence.  The graph shows the probability, given in percentage, of each 
amino acid contributing to aggregation.  Graph A) is the analysis of corella 
recombinant Cap sequence, B) is the analysis of OBP recombinant Cap, and C) is the 
analysis of PCV2 Cap. 
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2.5 Discussion 

 BFDV is the causative agent of an immunosuppressive and 

disfiguring disease that infects many psittacine species throughout the 

world.  In Australia alone, the virus is known to infect 32 native parrot 

species, eight of which are endangered (Department of the 

Environment and Heritage 2005).  Efforts are being put towards the 

development of a vaccine to prevent the extinction of native wildlife.  As 

the capsid protein makes up the entire exposed region of the virus, 

there is a unique opportunity to create a vaccine simply by expressing 

and purifying recombinant capsid protein.  A recombinant capsid 

protein vaccine has been evaluated previously and resulted in 

satisfactory immunization toward the native virus (Bonne et al. 2009).  

This vaccine consisted of a full-length BFDV Cap protein, making use of 

the baculovirus system’s superiority to correct fold protein and 

produce virus like particles (VLPs) (Stewart et al. 2007).  Although the 

protein expressed by Bonne et al (2009) was a full-length capsid 

protein, the NLS region, which has been removed to improve 

expression in E. coli systems, is not considered to be antigenically 

important (Johne et al. 2004).  Recent structural data of PCV capsid 

protein also provides evidence for this as the NLS was reportedly 

internalized in the virus (Khayat et al. 2011).  The current study used a 

fragment of the Cap protein that omits the NLS region and results from 

the Western blot and indirect ELISA show there is still interaction with 

the MAb with recombinant Cap from the corella sample.  Since the 

protein fragment is antigenically relevant there should not be necessity 

for the full-length protein to be used, and therefore, no need to express 
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the protein with the labour-intensive, specialized baculovirus system.   

The ease and widespread availability of E. coli expression make its use 

enticing for large-scale protein expression.  The same cannot be 

concluded about the antigenicity of the OBP BFDV Cap as it was not 

only shown to be insoluble, but was not recognized by the MAb in the 

Western blot assay, as well.  To identify the residues responsible for 

MAb binding more must be understood about the structure of the 

protein, which will be further discussed in Section 3.4.5, nonetheless, 

insolubility and inability to be recognized by the MAb 3F8-1, the only 

currently published MAb toward BFDV, extinguish the potential for the 

use of OBP recombinant Cap in large-scale expression.  It seems 

unlikely that native OBP Cap is antigenically different to other BFDV 

isolates given that MAB 3F8-1 reacts immunohistochemically (Figure 

2.10).  Varying results between the Western blot and 

immunohistochemistry also raise questions about the compatibility of 

the protein with further experimentation.  Preliminary sequencing 

results of BFDV isolated from the OBP population in the captive 

breeding program indicate that the vast majority of infected individuals 

harbour an identical virus strain (Raidal et al. 2010), however, the 

different outcomes of the immunoassays, which make use of the same 

MAb, do not show this identity.  Consistent, predictable results would 

be required to continue to use OBP Cap in BFDV research.       

An additional problem to overcome when using E. coli 

expression system for the capsid protein is insolubility.  This has been 

an issue for the expression of BFDV capsid protein as well as related 

circovirus proteins.  One solution used by Yin et al. (2010) was to fuse a 
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small ubiquitin-like modifiers (SUMO) protein to improve solubility, 

however, the addition of a fusion protein is not suitable for some 

techniques, such as crystallography, and once the fusion protein is 

removed solubility becomes an issue again.  A very simple solution to 

increase the solubility in this experiment was the addition of a 

detergent to the buffers.  Use of a detergent will prevent micelles from 

forming and stops the protein from precipitating until higher 

concentrations are achieved.  Johne et al. (2004) reported a final 

concentration of 0.1 mg/mL, but the addition of Triton X-100 in this 

experiment allowed recombinant Cap to be concentrated to 1.5mg/mL.  

The use of detergents does not hinder their use for structural 

determination and simple dilution, which may be necessary for some 

experiments, reduces the concentration of detergent to appropriate 

levels for haemagglutination assays or vaccinations.  Long-term 

stability of the protein at room temperature or 4°C does remain a 

hindrance to experiments such as structural determination by NMR.  

Alterations to buffers may improve the stability of purified capsid 

protein at high concentration.  Changes to buffers that can be attempted 

would be varying the salt concentration, pH, and detergent 

concentration as well as use of different detergents; these modifications 

will be attempted in Chapter 3.  Use of glycerol may be used to increase 

solubility of the protein, however, it is not compatible with certain 

techniques such as NMR and would make crystallization trials more 

difficult.  Some complications may also arise with increased salt 

concentrations, as the protein seems to exhibit a salt dependence 
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(described in section 3.4.2) and high salt concentrations decrease the 

resolution achieved by NMR.            

 The capsid gene of BFDV is highly variable with nucleotide 

identities between 80-100% similarity (Bassami et al. 2001; Raue et al. 

2004).  This diversity is reflected in the amino acid sequence, which 

reports between 73-99% similarity.  The sequence of the virus isolates 

used for these experiments differed from each other and the sequence 

used to develop the primers, however, these mutations are assumed to 

have little effect on the virulence of each virus isolate.  The sample was 

obtained from a known infected individual, attesting to the virus being 

capable of eliciting an infection, and findings of Kundu et al. (2012) 

hypothesized that mutations in the capsid sequence may be responsible 

in successful immune system evasion, but probably have negligible 

effects on pathology.  The mutations seen also do not hinder the use of 

the virus isolated from the corella sample for continuing 

experimentation, however, the insolubility of the OBP isolate is likely 

due to its particular sequence.  Both recombinant proteins were 

products of identical protocol, leading to the conclusion that mutations 

in the BFDV isolate extracted from the OBP cause the protein to form 

aggregates or become amalgamated into inclusion bodies.  Aggregates 

are collections of proteins that present non-native folding due to an 

increased number of β-sheets, and require the coexpression of 

chaperone proteins to prevent or additional purification steps with high 

concentrations of solubilizing agents be rescued (Basu et al. 2011; 

Carrio et al. 2005; de Groot et al. 2008; Sabate et al. 2010; Sorensen and 

Mortensen 2005; Ventura 2005).  The specific amino acid sequence is 
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presumed to be a factor in recombinant proteins forming aggregations.  

Changes in sequences of soluble proteins may render the mutated 

sequence insoluble.  In fact, several examples exist which report 

aggregation caused by point mutations in proteins (Azriel and Gazit 

2001; Chiti et al. 2003; Chrunyk and Wetzel 1993; Izard et al. 1994; 

Salmona et al. 1999; Ventura et al. 2004; Wetzel et al. 1991).  Recently, 

this phenomenon has been more extensively studied, and, although 

specific sequences responsible for aggregation has not been elucidated, 

the additional research has lead to the creation of the software, TANGO, 

capable of predicting the probability of protein aggregation 

(Fernandez-Escamilla et al. 2004; Linding et al. 2004).  The sequences 

for recombinant Cap from the OBP and corella were compared using 

TANGO, with the corella BFDV sequence predicted to be approximately 

half as likely to form aggregates, however, it is still relatively insoluble 

when compared to PCV2 Cap, which was able to be concentrated to 100 

mg/mL (Khayat et al. 2011)(Figure 2.8).  It was also seen that 

mutations near the C-terminus of the OBP recombinant Cap were 

responsible for its decrease in solubility.  The effect of sequence 

variation on solubility gives the potential to increase solubility simply 

by expressing a new variant of the protein.  Some considerations still 

need to be made, such as the presence of cysteine residues in the Cap 

sequence possibly making it necessary to add reducing agents, such as 

β-mercaptoethanol.  Thus, the buffers used should maintain the ability 

to solubilize the protein as much as possible, without relying entirely on 

the sequence. 
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Chapter 3. Modeling of circovirus capsid-
associated proteins and attempts to gain 
structural data through crystallization and 
purification for NMR 

3.1 Summary 

 The structure of BFDV capsid protein has not been solved.  

Gaining structural data of the protein would reveal the important 

features of the protein on an atomic scale, leading to the specification of 

binding regions for protein–protein interactions or protein–DNA 

interactions.  Concentrated, purified recombinant Cap was mixed with a 

range of solutions in an attempt to crystallize the protein for structural 

determination by X-ray crystallography.  Recombinant Cap was also 

purified in buffers suitable for structural determination by nuclear 

magnetic resonance spectroscopy (NMR).  The protein failed to 

crystallize under all screening conditions attempted.  Purifications in 

NMR buffers were suboptimal, as protein concentration was low, and 

was largely insoluble at room temperature.  The availability and 

similarity of the BFDV capsid sequence to PCV2 capsid sequence, 

however, allowed the use of homology modeling to produce a structure.  

Additional structures of related circoviruses were also modeled and 

compared the PCV2 Cap structure.  These models showed a great 

degree of similarity to each other despite their difference in protein 

sequences and host species.  This chapter describes the putative 

structures of a range of Cap proteins from circoviruses based on the 

crystallographic determination of PCV2 Cap, identifying key regions for 
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function and inhibition of crystal formation.  To generate novel 

structural data, additional crystal screening conditions must be 

attempted, or a different BFDV capsid isolate, with properties 

conducive to improve solubility, would need to be cloned, expressed 

and purified.  Structural data on the mechanism of nuclear import, 

however, was successfully gained at a resolution of 2.9 Å, as a small 

peptide representing the NLS of BFDV Cap crystallized in complex with 

nuclear importin α.  The binding site and residues responsible were 

able to be elucidated from the peptide. 

 

3.2 Introduction 

 Determination of protein structure may reveal many important 

factors of a protein’s affinity towards relevant molecules.  The structure 

of BFDV capsid protein has not been solved, leading to questions about 

its binding mechanisms with other proteins and DNA.  BFDV capsid 

protein is known to bind to BFDV replication protein to facilitate 

nuclear localization and binds DNA (Heath et al. 2006), likely localizing 

its own genome into the host cell nucleus as well.  The capsid protein 

also must bind to itself to form the viral capsid, a host cell surface 

receptor, and a nuclear transport protein.  Crystallization of the capsid 

protein of PCV2 has determined the structure of the protein and, in turn, 

the entire viral capsid (Khayat et al. 2011).  This has allowed further 

insight to the amino acids thought to be responsible for binding heparin 

sulphate and the positioning of the NLS inside the viral capsid.  

Similarities between the amino acid sequences of BFDV capsid protein 

and the solved PCV2 capsid also allow for models of the BFDV capsid 
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structure.  Although the modeling of structures is not definitive 

homology modeling may reveal major differences between the proteins. 

 The resolution and expedition of information processing of X-ray 

crystallography is superior to other methods of structural 

determination, therefore, it is the preferable technique to generate 

structural data.  Crystallography also requires less sample preparation 

compared to NMR, although finding a compatible combination of 

conditions to aid crystal formation may be time consuming, and is less 

dependent on solubility of the target protein at room temperature. 

Conversely, recombinant Cap purifies as a monomer of approximately 

22 kDa, a size appropriate for determination by NMR.  Both X-ray 

crystallography and NMR are viable options to gain structural data for 

recombinant Cap if proper sample preparation can be achieved.  For X-

ray crystallography, concentrated protein must be mixed with 

particular, occasionally unique screening conditions to produce a 

crystal capable of diffracting.  NMR requires stability of the protein at 

lower pH and salt concentrations, as well as additional restrictions on 

buffer content.  Stability at room temperature is critical for NMR 

because of the time required to collect data. 

As crystallization of PCV2 Cap has occurred using a protein 

concentration of 15 mg/mL and specific screening solution (Khayat et 

al. 2011), the recombinant Cap sample with the highest concentration 

will be used.  The concentration and solubility of recombinant Cap for 

extended periods of time will also be evaluated for possible use with 

NMR.  To obtain structural information data from the solved structure 
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of PCV2 Cap was used for homology modeling with sequences of BFDV 

Cap.   

Much is known about the genetic and protein variation 

throughout circoviruses.  The differences among strains and between 

viruses may have different effects when comparing their structural 

attributes.  The rapidly growing number of circoviruses and circovirus-

like viruses being discovered in a diverse range of hosts begs the 

question of their structural relatedness (Delwart and Li 2012).  

Conserved regions among these viruses would be helpful for 

development of diagnostic and treatment strategies, and the 

recognition of new viral discoveries.  Models for circoviruses infecting a 

variety of hosts were analyzed based on the structural data from PCV2 

Cap.  It was observed that changes in Cap sequences among the 

analyzed circovirus isolates do not translate into major structural 

differences of the proteins, and likely, no major structural changes in 

the viral capsid, however, key differences were observed in antigenic 

regions.   

Structural methods can also be applied to determine the 

pathway of nuclear entry of for BFDV Cap.  The presence of an extensive 

NLS has been identified and truncation experiments have shown that 

several regions of the BFDV Cap can act as an NLS (Heath et al. 2006).  

Although this description is available, and nuclear importin molecules 

were the suspected mechanism of import, no study has sought to 

specifically determine a binding partner and site of interaction.  The 

large number of positively charged residues were classified by Heath et 

al. (2006) as being a bipartite signal, and the sequence is also consistent 
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with other classical NLSs determined to bind with nuclear importin α 

(Hodel et al. 2001; Marfori et al. 2011).  To determine if the BFDV Cap 

NLS is capable of binding importin α, a synthetic peptide, representing 

a large portion of BFDV Cap NLS, was complexed with an importin α 

isolate that has been successfully crystallized for several previous 

experiments (Marfori et al. 2012; Teh et al. 1999).  Crystallization of the 

complex allowed structural determination, providing further insight to 

the nuclear localization of BFDV Cap. 

 

3.3 Materials and methods 

3.3.1 Crystal trials with recombinant Cap 

 Crystal trials were performed using the hanging drop vapour 

diffusion method.  Plates used for the screens had 48 wells with a 

diameter of 22 mm and a volume of 500 µL.  For crystal trials, 1.5 µL of 

2.0 mg/mL recombinant Cap from the corella sample in Capsid Buffer C, 

purified and concentrated as described in section 2.3.6, or recombinant 

protein diluted 1:2 was added to 1.5 µL of screening solution on a 22 

mm diameter siliconized cover slip (Hampton Research), and 300 µL of 

screening solution was placed in the well.  Screening solutions were 

obtained from PEG/Ion Screen (Hampton Research), PEG/Ion 2 Screen 

(Hampton Research), Crystal Screen (Hampton Research), Crystal 

Screen 2 (Hampton Research), ProPlex MD1-38 (Molecular Dimensions 

Limited), and PACT premier (Molecular Dimensions Limited) kits, as 

well as plates optimizing conditions used to crystallize PCV2 capsid 

protein (Table 3.1) (Khayat et al., 2011) and condition 2.19 from 

ProPlex MD1-38 kit (Table 3.2).  Recombinant Cap was also purified in 
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Capsid Buffer C without glycerol and used for crystal trials with the 

commercial kits listed above.  Plates were stored at 23°C and checked 

daily for several weeks for the formation of protein crystals. 



 

 
 

 
Table 3.1: Optimization plate setup for conditions used by Khayat et al. (2011) to crystallize recombinant PCV2 capsid protein.  Khayat et al. (2011) produced 
protein crystals after several days in a well containing 6% polyethylene glycol 3350 (PEG 3350), 2.5% isopropanol, and 0.3 M ammonium citrate (pH 5.0).  All 
wells contained 0.3 M ammonium citrate (pH 5) as a constant condition. 

 Column 

Row 

 1 2 3 4 5 6 7 8 

A 
1% PEG 3350 

1% isopropanol 

3% PEG 3350 

1% isopropanol 

5% PEG 3350 

1% isopropanol 

6% PEG 3350 

1% isopropanol 

8% PEG 3350 

1% isopropanol 

10% PEG 3350 

1% isopropanol 

12% PEG 3350 

1% isopropanol 

15% PEG 3350 

1% isopropanol 

B 

1% PEG 3350 

2.5% 
isopropanol 

3% PEG 3350 

2.5% 
isopropanol 

5% PEG 3350 

2.5% 
isopropanol 

6% PEG 3350 

2.5% 
isopropanol 

8% PEG 3350 

2.5% 
isopropanol 

10% PEG 3350 

2.5% 
isopropanol 

12% PEG 3350 

2.5% 
isopropanol 

15% PEG 3350 

2.5% 
isopropanol 

C 
1% PEG 

5% isopropanol 

3% PEG 3350 

5% isopropanol 

5% PEG 3350 

5% isopropanol 

6% PEG 3350 

5% isopropanol 

8% PEG 3350 

5% isopropanol 

10% PEG 3350 

5% isopropanol 

12% PEG 3350 

5% isopropanol 

15% PEG 3350 

5% isopropanol 

 
 
Table 3.2: Optimization plate setup for conditions found in tube 2.19 from ProPlex MD1-38 kit (Molecular Dimensions).  The conditions for the screening 
solution contain 0.5 M ammonium sulfate, and 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.5).  All wells contained 0.1 M MES (pH 6.5) as a 
constant condition. 

 Column 

Row 

 1 2 3 4 5 6 7 8 

A 
0.3 M 

ammonium 
sulfate 

0.4 M 
ammonium 

sulfate 

0.5 M 
ammonium 

sulfate 

0.8 M 
ammonium 

sulfate 

1.1 M 
ammonium 

sulfate 

1.4 M 
ammonium 

sulfate 

1.5 M 
ammonium 

sulfate 

2.0 M 
ammonium 

sulfate 

 

57 



Chapter 3: Modeling and structural data 

 58 

3.3.2 Purification for NMR 

 Purification for use of structural determination by NMR used the 

same steps as outlined in sections 2.3.5 and 2.3.6 to express and purify 

recombinant Cap from the corella isolate, however, the buffers in this 

section contain different reagents.  The first purification used the same 

buffers as sections 2.3.5 and 2.3.6, with the exception of omitting β-

mercaptoethanol, for E. coli cell resuspension and affinity 

chromatography, and recombinant Cap was washed and eluted into Cap 

NMR Buffer A, containing 50 mM imidazole, 0.1% Triton x-100, and 50 

mM NaCl at pH 6 during size exclusion chromatography.  The second 

purification was similar to the first purification with the exception of 

changing the salt concentration of Cap NMR Buffer A to 125 mM NaCl.  

The third purification used Cap NMR Buffer B, containing 50 mM 

sodium phosphate, 500 mM NaCl, 30 mM imadazole, 10% glycerol and 

1 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 

(CHAPS) at pH 8, to resuspend E. coli cells, and Cap NMR Buffer C, 

similar to Cap NMR Buffer B with the exception of 200 mM imidazole, 

was used to elute His-tagged Cap for affinity chromatography.  For size 

exclusion chromatography, Cap NMR Buffer D, containing 200 mM NaCl, 

50 mM imidazole, and 1 mM CHAPS at pH 6, was used to elute 

recombinant Cap.  A fourth purification used the same buffers for cell 

resuspension and affinity chromatography as the third purification, and 

Cap NMR Buffer E, similar to Cap NMR Buffer D with the exception of 

adding 0.5 mM ethylenediaminetetraacetic acid (EDTA).  Following 

elution from size exclusion chromatography, additional CHAPS was 
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added to increase the concentration to 15 mM prior to concentrating 

the sample. 

 Aliquots from samples were taken at different steps throughout 

purification and analyzed by SDS-PAGE as described in section 2.3.7.  

Concentrated recombinant Cap was left at room temperature and 

aliquots were taken at different times, centrifuged at 17900 × g for 3 

minutes prior to pipetting aliquots, to determine if soluble protein was 

still present in the solution.  These aliquots were also analyzed by SDS-

PAGE. 

 

3.3.3 Modeling of recombinant Cap 

 The structure of PCV2 capsid monomer and viral capsid were 

retrieved from the RCSB Protein Data Bank (PDB ID: 3R0R).  The 

recombinant PCV2 Cap protein that was crystallized did not contain the 

NLS; rather it lacked the first 40 N-terminal residues, and contained 

193 PCV2 Cap residues (Khayat et al. 2011).  Structure homology of 

recombinant Cap and a full length BFDV Cap sequence (GenBank 

accession number ADE44291.1) with PCV2 was done using SWISS-

MODEL (Swiss Institute of Bioinformatics)(Arnold et al. 2006).  

Comparison of the recombinant Cap and full length BFDV Cap models 

with PCV2 capsid was performed using The PyMOL Molecular Graphics 

System, Version 1.3 (Schrodinger, LLC.) and a Ramachandron plot 

validation performed with WinCoot (Emsley et al. 2010).    
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3.3.4 Modeling and analysis of related circovirus Caps 

 Several additional related circovirus Cap sequences from a range 

of hosts were retrieved from the National Center for Biotechnology 

Information (NCBI, U.S. National Library for Medicine).  These 

sequences are outlined in Table 3.4.  All models were created using 

SWISS-MODEL and viewed with PyMOL.  A primary sequence alignment 

of the circovirus Cap sequences was performed with ClustalW2 (EMBL-

EBI)(Larkin et al. 2007), and Ramachandron plot validation performed 

with WinCoot (Emsley et al. 2010).  A phylogenetic tree was made using 

MAFFT (CBRC) (Katoh and Toh 2008) and viewed using Archaeopteryx 

(phylosoft)(Han and Zmasek 2009). 

 

3.3.5 Crystallization of BFDV Cap NLS 

Expression made use of an isolate of mouse importin α lacking the 

importin β binding domain (mImpα∆IBB; variant α2, residues 70-529) 

that has previously been crystallized by Marfori et al. (2012).  The 

mImpα∆IBB sequence with a fusion 6xHis tag in pET30a expression 

vector (Novagen) was provided by Professor Bostjan Kobe.  

Recombinant protein was expressed using Escherichia coli pLysS cells.  

E. coli cells were grown in 500 mL of autoinduction media (1% tryptone, 

0.5% yeast extract, 1X NPS, 1X 5052, 1 mM MgSO4) containing 25µg/mL 

kanamycin at 25°C for 27 hours.  Cells were collected by centrifugation 

at 4000 x g for 30 minutes, resuspended in His Buffer A (50 mM 

phosphate buffer, 300 mM NaCl, 20 mM imidazole, pH 8) and stored at -

20˚C.  Lysis included two freeze/thaw cycles, 20 mg of lysozyme 

(Sigma-Aldrich), and 0.5 mg of DNaseI (Invitrogen).  Debris was 
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pelleted by centrifugation at 40,000 x g for 30 min followed by filtration 

of the supernatant through a 0.45 µm low protein-binding filter 

(Millipore).  Supernatant was injected onto a 5 mL HisTrap HP column 

(GE Healthcare) on an AKTApurifier FPLC (GE Healthcare) and eluted 

with His Buffer B (50 mM phosphate buffer, 300 mM NaCl, 500 mM 

imidazole, pH 8).  Peak fractions were pooled and loaded onto a HiLoad 

26/60 Superdex 200 column (GE Healthcare) for size exclusion 

chromatography.  Peak fractions eluted in glutathione S-transferase 

(GST) Buffer A (50 mM Tris, 125 mM NaCl, pH 8), collected and 

concentrated to 33.65 mg/mL.  

The BFDV Cap NLS from a South African isolate (GenBank: 

AAS16925), similar to the sequence identified by Heath et al. (2006) 

capable of localizing the associated capsid protein to the nucleus, was 

selected and a synthetic peptide containing 29 amino acids was 

produced (Mimotopes).  The peptide contained the sequence N- 

RRRRYARPYYRRRHNRRYRRRRRYFRRRR –C, representing NLS1 and 

NLS2 of the Cap NLS identified by Heath et al. (2006).  The Cap NLS 

peptide was resuspended in GST Buffer A at a concentration of 10 

mg/mL, and mixed with mImpα∆IBB at a concentration of 33.65 

mg/mL, in a 2:1 ratio for crystallization.  The crystallization conditions 

contained 0.675 M trisodium citrate, 0.1 M HEPES at pH 6.5, and 20 mM 

DTT.  The protein complex was mixed in a 1:1 ratio with the 

crystallization conditions, and was crystallized using hanging drop 

diffusion.  Crystals formed after one week.  Crystals of the protein 

complex were placed in cryoprotectant consisting of the crystallization 

conditions with 20% glycerol.  Diffraction data, collected at the 
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Australian Synchrotron, was scaled and merged using iMosflm (Leslie 

and Powell 2007).  Molecular replacement was performed using the 

PDB ID 1IAL as a search model in Phaser (McCoy et al. 2007) and used 

to generate an initial electron density map, from which a final model 

could be built and refined  using REFMAC within the  CCP4 suite (Winn 

et al. 2011), and WinCoot (Emsley et al. 2010)(Table 3.5).  The 

structure of the complex was deposited in the RCSB Protein Data Bank 

(PDB: 4HTV).  Bond analysis was determined using the server Protein 

interfaces, surfaces and assemblies (PISA) at European Bioinformatics 

Institute (Krissinel and Henrick 2007). 

 

3.4 Results 

3.4.1 Crystal Trials 

 All conditions for crystal trials yielded no protein crystals.  After 

several days incubating in the crystal screen conditions the majority of 

drops containing protein solution remained clear, without precipitate.  

The appearance of crystal-like matter in condition 2.19 from ProPlex 

MD1-38 kit led to the attempt to optimize crystals in similar conditions, 

however, no crystals appeared in the optimization conditions.  

Optimization of the conditions that yielded protein crystals of PCV2 Cap 

for Khayat et al. (2011) was also unsuccessful. 

 

3.4.2 Purification in NMR buffers and solubility at room temperature 

 The first purification of recombinant Cap, using a buffer 

containing 50 mM NaCl, yielded no protein upon elution with Cap NMR 

Buffer A.  The following three purifications, which increased the NaCl 
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concentration to 125-200 mM, all produced similar results.  

Recombinant Cap was purified and concentrated to similar amounts, all 

yielding 0.1 – 0.5 mg/mL of protein.  Incubating the protein at room 

temperature revealed that the majority of the protein became insoluble 

after 90 minutes (Figure 3.1).  Use of CHAPS rather than Triton X-100 

appeared to have no significant effect on the concentration and 

solubility of the protein.                   

 

 

Figure 3.1: SDS-PAGE of recombinant corella-isolated BFDV Cap purified at pH 6.  
Lane 1 is a molecular weight marker, the solid arrow indicating the 25 kDa marker, 
and the hollow arrow indicating the 20 kDa marker.  Lane 2 is the E. coli cell lysate; an 
overexpressed band of recombinant Cap can be seen at 25 kDa.  Lane 3 is the soluble 
extract of the cell lysate, lane 4 is the flow through from affinity chromatography, lane 
5 are the pooled fractions from affinity chromatography elution.  Lane 6 is the 
cleavage product of recombinant Cap; tag-less recombinant Cap appears at 
approximately 22 kDa, TEV can be seen at approximately 27 kDa, and the His-tag at 
approximately 3 kDa.  Lane 7 is the concentrated pooled fractions of recombinant Cap 
from size exclusion chromatography immediately following concentration, lane 7 is 
the concentrated sample after 30 minutes at room temperature, lane 8 is after 90 
minutes, lane 10 is after 150 minutes, lane 11 is after 210 minutes, and lane 12 is after 
270 minutes at room temperature. 

 

 
 

 1        2         3        4         5         6          7        8       9         10      11      12 
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3.4.3 Homology modeling of recombinant Cap using PCV2 capsid 
structure 

 The sequences of PCV2 Cap and recombinant Cap shared 31% 

identity and 44% similarity.  Ramachandron plot validation showed 

86.60% of residues in favoured regions, 8.12% of residues in allowed 

regions, and 5.08% residues as outliers.  The viral jelly roll described in 

PCV2 Cap (Khayat et al. 2011) is maintained in the recombinant Cap 

structure and there did not appear to have major differences elsewhere 

in the protein (Figure 3.2).  The recombinant Cap showed two α-helices, 

compared to the three exhibited in PCV2 Cap, and seven β-sheets, 

compared to the 13 present in PCV2 Cap.  Hypothesized epitopes 

elucidated by Khayat et al. (2011) that lie on the external surface of the 

PCV2 capsid were located on the molecular model of recombinant BFDV 

and compared.  Four epitopes from PCV2 Cap were viewed, epitope A, B, 

C, and E, with the corresponding sequences and structures from 

recombinant Cap (Table 3.3).  All four epitopes remained on the 

external surface of the protein.  Epitopes B and C, which overlap, did not 

appear to have any major structural differences between PCV2 Cap and 

recombinant Cap.  Epitope A features differences, with PCV2 Cap 

possessing a short α-helix, followed closely by a small β-sheet; 

recombinant Cap does not contain either of these secondary structures 

(Figure 3.2).  The remaining epitope, E, remains similar over the 

residues listed for the PCV2 Cap sequence, however, several additional 

residues result in a protrusion of the strand (Figure 3.2 and Figure 3.3).  

While the amino acids from this protrusion are cannot be included as 

epitopes for PCV2 Cap, the accessibility of this region make it a 

potential epitope for recombinant Cap.   
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Figure 3.2: Superimposition of recombinant corella-isolated BFDV Cap (magenta), and 
full-length BFDV Cap (blue) on the viral capsid structure of PCV2.  Figures A and C 
show the NLS of full-length BFDV Cap extending into the internal cavity of the capsid.  
Figure A shows the β-sheets of the jelly roll structure conforming to the structure of 
the viral capsid.  Figures B and C show the surface view of the PCV2 capsid, with 
additional residues from both BFDV Cap models protruding from the external surface.  
The protrusion is caused by additional residues prior to the region corresponding to 
epitope E. 

  

 

 
A 

 
B 

 
C 
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 A full-length BFDV Cap sequence isolated from a red-fronted 

parakeet (Cyanoramphus novaezelandiae) was also superimposed on 

the PCV2 Cap structure to view the putative positioning of the NLS in 

the virus (Figure 3.2).  The BFDV Cap sequence shared 28% identity 

and 43% similarity with the PCV2 Cap sequence.  The model of the full-

length BFDV Cap structure contained one α-helix, and eight β-sheets.  Of 

the four epitopes, B and C showed very little change in external 

positioning.  Epitope A shows differences as the PCV2 Cap structure has 

a small β-sheet while the putative full-length BFDV Cap has another 

turn on its strand (Figure 3.2).  Epitope E shows major changes with 

many additional amino acids prior to the PCV2 Cap epitope causing the 

strand to protrude (Figure 3.2 and Figure 3.3).  The NLS was expected 

to extend into the inside of the viral capsid (Figure 3.3).  As the NLS for 

PCV2 Cap was omitted in the crystal structure, the positively charged 

amino acids in this region display as a loop with no secondary structure. 
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Figure 3.3: PCV2 Cap (green and 
cyan) superimposed with 
recombinant corella-isolated 
BFDV Cap (magenta), and full-
length BFDV Cap (blue).  The cyan 
colour on PCV2 Cap indicates 
residues that correspond to 
external surface epitopes.  Figure 
A shows a general 
superimposition, where the 
conserved jelly roll formation of 
the internal β-sheets is observed.  
Figure B shows the α-helix and 
small β-sheet associated with 
PCV2 Cap epitope A, with 
recombinant Cap not possessing 
either feature, and full-length 
BFDV Cap having a α-helix.  Figure 
C shows the protrusion on the 
BFDV Caps resulting from 
additional residues prior to 
epitope E.  

 

 

 

 

 

 

 

 

 

 

 

The full-length BFDV Cap amino acid sequence from a red 

fronted-parakeet in New Zealand shared 78% identity and 88% 

similarity with the recombinant Cap sequence, isolated from a corella in 

Australia.  Epitope A in the full-length BFDV Cap contains a α-helix, 

A 

B 

C 
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whereas recombinant Cap lacks this feature (Figure 3.2).  The 

remaining epitopes are similar, a minor exception being that the 

projections seen in both proteins on epitope E occur at slightly different 

angles (Figure 3.2 and Figure 3.3).     

 
Table 3.3: Amino acid sequences of epitopes A-E for their corresponding protein.  
Epitopes and sequences for PCV2 Cap are from Khayat et al. (2011) (PDB code: 3R0R).  
Recombinant Cap and full-length BFDV Cap (GenBank accession number ADE44291.1) 
sequences were aligned using SWISS-MODEL and PyMol.  Residues in parentheses 
were not included in epitope E in Khayat et al. (2011), and correspond to the 
protrusion containing additional residues seen in both BFDV Cap sequences.  The 
underlined residues immediately follow the epitope.  Residues highlighted in yellow 
show the high concentration of tyrosine, glutamine, proline, and leucine in and around 
epitope E, which may contribute to MAb 3F8-1 binding.  Residues in bold show the 
amino acid mutations between the corella recombinant Cap and OBP recombinant Cap, 
which may be responsible for recognition by the MAb 3F8-1.   

Epitope Protein Sequence 

A 

PCV2 Cap VDMMRFNINDFLPPG 

Recombinant Cap SDYVTFSLSDFL--G 

Full-length BFDV 

Cap 

SDYITFALSDFL--T 

B 

PCV2 Cap QGDRGVGSSAVILDD 

Recombinant Cap TNSEGFGHTAIIQDS 

Full-length BFDV 

Cap 

IAADGFGHTAIIQDS 

C 

PCV2 Cap GVGSSAVILDDNFVT 

Recombinant Cap GFGHTAIIQDSRISK 

Full-length BFDV 

Cap 

GFGHTAIIQDSRITK 

E 

PCV2 Cap (-------------N)VDHVGLGTAFENSIY 

Recombinant Cap (WIPLQGGPNLAGAK)VRHYGLAFSFPQPNVP 

Full-length BFDV 

Cap 

(WIPLQGGPNAAGAK)VKHYGIAFSFPQPEQ 

OBP Cap (WIPLQGGPDGAGAS)IKHYGLAFSFPQPDQT 
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3.4.4 Models of related circovirus Caps 

 

The Cap sequences of related circoviruses varied in length from 214 to 273 amino 

acids, and shared between 23-32% identity and 35-46% similarity with the PCV2 Cap 

sequence (Table 3.4, Figure 3.4). The canine circovirus (CaCV-1), the 

most recent circovirus sequence to be discovered, is the least similar to 

PCV2 Cap, a strange diversity when considering the mammalian hosts 

of PCV2 and CaCV-1.  The barbel and duck circoviruses have the closest 

related Cap sequences to PCV2.  Interestingly, the two circovirus 

sequences isolated from fish inhabit the opposite ends of the spectrum; 

the Silurus glanis circovirus (CfCV) being marginally more similar to 

PCV2 than CaCV-1.  The isolates from mammalian hosts, CaCV-1 and 

Chimpanzee Stool avian-like circovirus-chimp17 (CsaCV-chimp17), also 

have major differences, although the CsaCV-chimp17 sequence has 

been likened to the raven circovirus (RaCV) so it is not surprising that 

its similarity to PCV2 fits appropriately with other avian isolates.  All 

avian circoviruses compared in this study have over 40% similarity 

with PCV2 Cap.     
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Figure 3.4: Alignment of circovirus Cap sequences.  The conspicuous NLS observed in 
several circovirus Cap sequences can be seen in the first 40 residues, except for the 
PCV2 Cap sequence, which was omitted for expression and crystallization, and CsaCV-
chimp17 Cap (CsaCV).  Sequences conserved in many of the avian viruses can be seen 
at residues 249-252 (WIPL), and 269-274 (HYGLAF).       

 

 

The internal jelly roll structure described in PCV2 Cap is 

conserved among all models constructed of related circoviruses (Figure 

3.5).  This jelly roll is formed by seven to eight β-sheets, depending on 
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the model.  Although some surface characteristics are altered in each 

data set, there are still several β-sheets making up the core of all the 

selected viral Caps.  All N-termini appear to be facing internally, and 

therefore, the NLS portions of all Cap structures likely remain inside the 

viral capsid.   

 

 
Figure 3.5: Unrooted phylogenetic tree showing the relationship between the amino 
acid sequences of the analyzed circovirus Caps.  The accession numbers for each 
sequence are: CoCV AAF74197.1, Chimpanzee Stool avail-like circovirus-chimp17 
(referred to as CsaCV in the figure) ADD62466.1, GuCV ABI54255.1, RaCV 
ABA53823.1, BFDV ADE44291.1, PCV2 3R0R (PDB ID number), DuCV AAZ07884.1, 
BaCV AEB60991.1, CfCV AEW70741.1, and canine circovirus (referred to as CaCV in 
the figure) AFK82576.1. 
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3.4.4.1 Duck Circovirus (DuCV) 

 The DuCV Cap model has few deviations from the PCV2 Cap 

structure, with even less structural variability on the external surface 

(Figure 3.6).  The model contains two α-helices and eight β-sheets.  In 

the region homologous to PCV2 Cap residues between surface epitopes 

A and B the most striking difference appears.  Several additional 

residues on the DuCV Cap sequence are organized into a α-helix.  This 

landmark protrudes from the structure, however, it corresponds to the 

internal surface of the capsid, negating its antigenic relevance.  Other 

differences attain similarities from the BFDV Cap models described in 

section 3.4.3.  These include the lack of a β-sheet corresponding to the 

latter portion of epitope A on PCV2 Cap, and a more modest protrusion 

prior to epitope E, consisting of seven additional residues, rather than 

the 13 seen in the BFDV Cap sequences.  The DuCV Cap is the only 

avian-related virus among those analyzed to not contain a significant 

portion of sequential identical residues in epitope E.  A pore, due to a 

tunnel in the DuCV Cap protein, would extend from the external surface 

to the internal surface of the viral capsid.   
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Figure 3.6: PCV2 Cap (green and cyan) superimposed with DuCV (red).  The cyan 
portions on the PCV2 Cap indicate amino acids presumed to be epitopes on the 
external capsid surface for MAb binding and are labeled A, B, C, and E according to 
Khayat et al (2011).  The protrusion on DuCV that includes residues prior to epitope E 
has been labeled pre-E-DuCV, and appears on the surface of the protein.  The DuCV 
Cap sequence shares the highest amount of similarity to the PCV2 Cap sequence.  The 
jelly roll structure and several other features remain conserved. 

 

3.4.4.2 Columbid Circovirus (CoCV) 

 The CoCV Cap model displays structures similar to an average 

compromise between PCV2 Cap and BFDV Cap (Figure 3.7).  The 

similarity to PCV2 Cap leaves very little of the CoCV Cap to extend 

beyond the surface of the porcine virus structure.  Not surprisingly, the 

differences are the most pronounced prior to the region homologous to 

epitope E.  Here, the additional residues and low homology with PCV2 

Cap cause a split into two protrusions, with the median portion 
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returning to similarity with the PCV2 Cap structure.  Three sequences 

which contain several consecutive amino acids that are present in most 

of the avian-related circoviruses in this study are present in this area, 

WIPL183-186, which is part of the median portion that rejoins the PCV2 

Cap strand’s trajectory, and HYGLAFS200-206 and PQP, which are within 

epitope E.  Interestingly, the WIPL sequence in the other models 

remains as part of the protrusion, not following the PCV2 Cap structure.  

The β-sheet corresponding to epitope A is also not present in CoCV Cap, 

along with other minor β-sheets seen in PCV2 Cap.  CoCV Cap has a total 

of two α-helices and eight β-sheets.  The model shows some small 

transprotein tunnels, although it is not clear whether these would allow 

the passage of particles into and out of the viral capsid. 
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Figure 3.7: CoCV Cap (orange) superimposed with PCV2 Cap (green and cyan).  The 
internal β-sheet arrangement is conserved, along with the directions of the N- and C-
termini.  The region prior to epitope E on CoCV has two protrusions, linked by 
residues that conform to the PCV2 Cap structure. 

 

 

3.4.4.3 Barbel Circovirus (BaCV) 

 The small sequence length of the BaCV Cap leaves little 

extraneous residues to form protruding or additional structures beyond 

that seen in the PCV2 Cap (Figure 3.8).  The α-helix appearing at the N-

terminal of the PCV2 Cap structure is maintained in the BaCV Cap 

model, however, no other α-helices are present.  Eight β-sheets are seen 

in the BaCV Cap model.  The region corresponding to epitope A shows 

neither α-helix nor β-sheet.  The most prominent protrusion from BaCV 

N 

C 

pre-E-CoCV 
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Cap appears to occur on the internal surface of the viral capsid, which 

takes the place of another α-helix, although a divergence is also present 

in the region corresponding to epitopes B and C due to the inclusion of 

additional residues.  Several tunnels exist in the protein, at least one of 

which would create a pore through to the internal environment of the 

capsid structure.    

 

 

Figure 3.8: BaCV Cap (hot pink) superimposed on PCV2 Cap (green and cyan).  A 
protrusion is observed on the BaCV Cap, which would correspond to the internal 
surface of the viral capsid. 
 

 

N 

C 

internal protrusion 
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3.4.4.4 Gull Circovirus (GuCV) 

 A set of eight β-sheets make up the core of the GuCV Cap model 

(Figure 3.9).  The single α-helix present in the model is an extension of 

an existing, shorter, α-helix from PCV2 Cap.  This α-helix appears on the 

lateral surface of the protein, and would interact with an adjoining Cap 

protein in the viral capsid.  Not surprisingly, the portion of GuCV Cap 

prior to epitope E from PCV2 Cap contains additional residues, causing 

a minor protrusion.  The region within epitope E also contains a 

sequence that matches with several avain circoviruses analyzed in this 

chapter, HYGLAFS180-186.  The GuCV Cap contains transprotein tunnels, 

creating pores that would extend from the external surface to the 

internal surface of the viral capsid.        
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Figure 3.9: GuCV Cap (deep teal) superimposed on PCV2 Cap (green and cyan).  A 
protrusion on GuCV Cap is present due to additional residues prior to epitope E.  An 
extended α-helix is also observed where there would be an interface with an adjoining 
Cap in the viral capsid.    

 

 

3.4.4.5 Raven Circovirus (RaCV) 

 The RaCV shares some striking similarities to the BFDV Cap 

structures and sequences.  The model contains a α-helix and eight β-

sheets (Figure 3.10).  The surface structure homologous to epitope E 

from PCV2 Cap includes a preceding protrusion consisting of 17 

additional residues.  This protrusion possesses the WIPL185-188 

sequence seen at the beginning of the additional region, and the 

N 

C 

pre-E-GuCV 
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VKHYGLA203-209 and PQP213-215 sequences in epitope E, both sequences 

that are identical or similar to the regions from the BFDV Cap 

sequences seen in Table 3.3.  The region homologous to epitope A also 

lacks the α-helix and β-sheet.  The protein has pores, although these 

may not extend from the external to the internal surface of the viral 

capsid. 

 

 

Figure 3.10: RaCV Cap (purple) superimposed on PCV2 Cap (green and cyan).  The 
RaCV Cap model has an extensive protrusion in the region prior to epitope E.  
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3.4.4.6 Silurus glanis Circovirus (CfCV) 

 The CfCV Cap sequence, like the BaCV Cap sequence, is much 

shorter than PCV2 Cap at 227 amino acids.  This allows the PCV2 Cap 

model to extend beyond the borders of the CfCV Cap model in several 

places (Figure 3.11).  The first turn in the PCV2 Cap model extends for 

12 residues longer than the CfCV Cap, immediately prior to epitope A.  

CfCV Cap contains two α-helices that lie adjacent to each other, one in 

epitope A and the other prior to epitope E, and seven β-sheets.  The α-

helix containing positively charged residues mutated from the PCV2 

Cap sequence prior to epitope E is located on the surface and creates a 

small protrusion in the same position as the protrusions seen in the 

other models.     
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Figure 3.11: CfCV Cap (olive) superimposed on PCV2 Cap (green and cyan).  The top of 
the figure shows PCV2 Cap strands extending beyond the short length of CfCV Cap on 
the turns between β-sheets.  The protrusion observed on CfCV Cap prior to epitope E 
also contains a α-helix; the only secondary structure seen in this region among 
circovirus Cap models in this chapter. 

 

3.4.4.7 Chimpanzee Stool avian-like circovirus-chimp17 (CsaCV-
chimp17) 

Although, the CsaCV-chimp17 virus was isolated from a 

mammalian host and contains the closest amount of residues to the full-

length PCV2 Cap sequence, its name asserts its likeness to the avian 

circoviruses.  The relation to avian circoviruses is evident in the 

structure and sequence of the model.  The overall structure maintains a 

shape consistent with the avian virus models (Figure 3.12), however, it 

is the only model not to contain a α-helix.  The CsaCV-chimp17 Cap 

N 

C 
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model contains eight β-sheets, like the avian Cap models, and has a 

large protrusion prior to epitope E.  The protrusion begins with the 

WIPL149-152 sequence seen in the BFDV, CoCV and RaCV Caps, as well as 

the sequence HYGLAFS166-172 as part of epitope E, which is seen in CoCV 

Cap, GuCV Cap and two of the BFDV Cap sequences that were analyzed.      

 

 

Figure 3.12: CsaCV-chimp17 Cap (slate) superimposed on PCV2 Cap (green and cyan).  
The CsaCV-chimp17 model does not possess any α-helices, however, there is a large 
protrusion from additional residues in the region prior to epitope E, similar to many 
avian circovirus Cap models. 
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3.4.4.8 Canine Circovirus (CaCV-1) 

 The CaCV-1 Cap is the least alike in sequence identity and 

similarity to PCV2 Cap; this is evident in the structure as well (Figure 

3.13).  The model includes one α-helix and seven β-sheets.  Several 

stretches of non-homologous residues in CaCV-1 Cap result in 

additional features.  The most conspicuous feature is a very large 

protrusion that extends from the external surface following the portion 

of the protein homologous with epitope C.  This protrusion extends for 

26 amino acids.  Other protrusions from CaCV-1 Cap occur also occur on 

the external surface or on interfaces, which would articulate with other 

Cap proteins to form the viral capsid.  No additional protrusions are 

present on the internal capsid surface.  The model predicts the viral 

capsid structure to be porous, with multiple tunnels extending through 

the protein, which would reach from the external surface to the internal 

surface of the viral capsid.     
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Figure 3.13: PCV2 Cap (green and cyan) superimposed with CaCV-1 Cap model (pink).  
The CaCV-1 Cap model has the most discrepancies with PCV2 Cap.  The regions 
pertaining to epitopes B and E from PCV2 Cap are labeled B-CaCV-1 and E-CaCV-1, 
respectively on the CaCV-1 Cap model.  A large protrusion on the surface of CaCV-1 
can also be seen on the post-epitope C region and is labeled pC-CaCV-1.  The internal 
jelly roll structure, however, remains conserved.  
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Table 3.4: Summary of the circoviruses viewed and modeled, sources of virus extraction, Cap amino acid sequence length, and amino acid identity and 
similarity to PCV2 Cap.  

Virus Source 
Protein 

sequence 
length 

Identity 
with PCV2 

(%) 

Similarity 
with PCV2 

(%) 

Ramachandron Plot 

(% in favoured / 
allowed / outliers) 

Accession 
number Reference 

Duck circovirus (DuCV) Pekin duck 257 30 46 89.72/3.74/6.54 AAZ07884.1 (Banda et al. 2007) 

Columbid circovirus 
(CoCV) Pigeon (Columbia livia) 273 28 42 85.02/8.21/6.76 AAF74197.1 (Mankertz et al. 

2000) 

Barbel circovirus (BaCV) Barbel (Barbus barbus) 214 32 45 84.70/7.65/7.65 AEB60991.1 (Lorincz et al. 
2011) 

Beak and feather disease 
virus (BFDV) 

Red-fronted parakeet 
(Cyanoramphus 
novaezelandiae) 

244 28 43 86.36/9.92/3.72 ADE44291.1 (Ortiz-Catedral et 
al. 2010) 

Gull circovirus (GuCV) Herring gull (Larus 
argentatus) 

245 32 41 89.66/6.90/3.45 ABI54255.1 (Todd et al. 2007) 

Raven circovirus (RaCV) Australian raven (Corvus 
coronoides) 243 26 43 85.44/5.83/8.74 ABA53823.1 (Stewart et al. 

2006) 

Silurus glanis circovirus 
(CfCV) 

European catfish (Silurus 
glanis) 227 26 37 84.44/6.67/8.89 AEW70741.1 (Lorincz et al. 

2012) 

Chimpanzee Stool avian-
like circovirus-chimp17 

(CsaCV-chimp17) 
Chimpanzee feces 232 30 42 84.80/8.82/6.37 ADD62466.1 (Li et al. 2010) 

Canine circovirus 

(CaCV-1) 
Dog 270 23 35 78.15/9.66/12.18 AFK82576.1 (Kapoor et al. 

2012) 
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3.4.5 Structural determination of mImpα∆IBB in complex with BFDV 
Cap NLS 

Structural data from X-ray crystallography of mImpα∆IBB in complex with the 29 
amino acid peptide of the BFDV Cap NLS analyzed and refined to 2.9 Å in a P212121 

space group ( 

Table 3.5) showed the Cap NLS in the major binding site of the 

mImpα∆IBB molecule (Figure 3.14).  Electron density for seven amino 

acids of the Cap NLS were present in the data, these were 

NLSYRRRRRY18-24.  Six of these amino acids were bonded to the major 

site of mImpα∆IBB; NLSArg23 was bound to the P1 position by hydrogen 

bonds with mImpα∆IBBAsn235, NLSArg22 was in the P2 position through a 

salt bridge and hydrogen bond to mImpα∆IBBAsp192, and hydrogen bonds 

to mImpα∆IBBSer149, mImpα∆IBBGly150 and mImpα∆IBBThr155, NLSArg21 was 

in P3 by hydrogen bonds with mImpα∆IBBTrp184, mImpα∆IBBAsn188, and 

mImpα∆IBBAsn228, NLSArg20 was bound in P5 with hydrogen bonds to 

mImpα∆IBBArg106 and mImpα∆IBBGlu107, and NLSArg19 occupied P5 through 

hydrogen bonds with mImpα∆IBBTrp142, mImpα∆IBBAsn146, and 

mImpα∆IBBGln181 (Figure 3.14).  Residue NLSTyr24 also formed a 

hydrogen bond with mImpα∆IBBTrp231 in a potential linker region.  The 

other NLS residue present in the electron density, NLSTyr18, occupied 

position P6 although no bonding with mImpα∆IBB was detected.   
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Table 3.5: Crystallographic data for structure of mImpα∆IBB in complex with BFDV 
Cap NLS. 

 Overall (Outer shell) 
Data collection  

Resolution range (Å) 29.99-2.90 (3.06-2.90) 
Completeness (%) 99.9 (100.0) 
Unique reflections 16074 (2295) 

Rmerge 0.153 (0.583) 
Avg I/σ 9.9 (3.3) 

Redundancy 7.1 (7.2) 
 

Refinement statistics 
 

Rfree/Rwork 0.22804/0.17293 
Avg B-factor 33.135 

  
R.m.s. deviations from ideality  

Bond lengths (Å) 0.014 
Bond angles (°) 1.848 

  
Ramachandaran plot (%)  

Favoured 95.3 
Allowed 4.5 
Outliers 0.3 
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Figure 3.14: The BFDV Cap NLS peptide (cyan) in complex with mImpα∆IBB (yellow).  
Figure A shows the BFDV Cap NLS bound in the major site of mImpα∆IBB with figure 
B showing a magnified view.  Figure C shows the side chains of the mImpα∆IBB 
residues binding to BFDV Cap NLS residues as indicated by colour, the BFDV Cap NLS 
residues that remain cyan are were not observed to form bonds with mImpα∆IBB 
residues.    

 

3.5 Discussion 

 Recombinant Cap was purified for the means of attaining a 

protein crystal and highly soluble, concentrated protein for X-ray 

crystallography and NMR, respectively, for structural determination.  

These attempts failed to produce either a crystal or a stable, high 

concentration protein, thus, eliminating the prospect of producing a 

high-resolution structure.  The likelihood of crystallizing a protein is 

very low, however, modifications to the process may increase the 
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potential for crystallization.  One reason may be that the correct 

combination of reagents, or different reagents entirely, may be required 

in the screening solution.  The solution needed to produce crystals may 

change depending on the protein, and the contents of the solution are 

generally unpredictable.  There is evidence to show that basic proteins 

tend to crystallize in solutions with a pH 1-2 units below their pI 

(Kantardjieff and Rupp 2004).  Using the same solution that Khayat et al. 

(2011) used to successfully crystallize PCV2 Cap also does not 

guarantee crystallization of recombinant Cap, as they share only 31% 

identity.  Also, as the theoretical pI of PCV2 Cap is 8.89 and the 

theoretical pI of recombinant Cap is 10.03 (ExPASy, Swiss Institute of 

Bioinformatics), recombinant Cap may be more inclined to crystallize at 

a higher pH.    

The primary reason for failure of crystallization is, most likely, 

the low concentration of recombinant Cap.  A concentration of 2 mg/mL 

of recombinant Cap was used in the crystal screens.  This is well below 

the 15 mg/mL used by Khayat et al. (2011) to crystallize PCV2 Cap.  

Although there is no definitive concentration required to crystallize a 

protein, having a concentration below saturation minimizes the 

probability crystallization (Rupp 2010).  The clear appearance in the 

majority of drops containing protein solution is an indication that the 

protein was not sufficiently concentrated to permit crystallization.   

 The inability to produce a soluble, high concentration solution of 

recombinant Cap is also a deficiency for use with NMR.  Modifications, 

some of which were recommended in Section 2.5, may be made to 

attempt to optimize solubility.  The protein appears to exhibit a salt 
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dependence, as evidenced by failing to produce any soluble protein 

when purified using 50 mM NaCl, but successfully producing soluble 

protein, albeit, a low concentration, when using 125-200 mM NaCl.  A 

higher concentration of protein was achieved in Chapter 2 when 300 

mM NaCl was used, and PCV2 Cap was able to be concentrated to 100 

mg/mL in a buffer that contained 500 mM NaCl, however, additional 

factors such as differing buffer contents and protein sequence exist in 

the latter examples.  Although higher salt concentrations are 

compatible for X-ray crystallography, concentrations higher than 300 

mM exceed the limit of salt that can be used for sensitive NMR results.  

The level of pH may also affect the final concentration of soluble protein.  

The experiments for use with NMR used a buffer with pH 6 for purified 

protein compared to Chapter 2, protein that was also used for crystal 

screening, when the protein was purified in a buffer of pH 8.  This 

indicates that recombinant Cap is more soluble in higher pH solutions.  

Solutions with pH in this range are, again, compatible with X-ray 

crystallography, but not compatible with NMR.  PVC2 Cap was purified 

for crystallography in buffers of even greater pH, measuring at pH 10.5 

and 11.1 (Khayat et al. 2011).  The PCV2 Cap buffers, however, are 

unlikely to increase the solubility of recombinant Cap when considering 

the theoretical pI of recombinant Cap is 10.03, and proteins are least 

soluble at their pI (Rupp 2010).  Two different detergents, including use 

of CHAPS at varying concentration, were used in an attempt to increase 

solubility, however, no increase in solubility was seen in purification 

with the new detergent.   
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 Mutations in the amino acid sequence may also be significant 

factors in the solubility of the protein.  As seen in Chapter 2, variation in 

the protein sequence appeared to be a major difference between the 

soluble recombinant Cap and the insoluble orange-bellied parrot Cap.  

It may be possible to express a BFDV Cap protein capable of solubility at 

higher concentrations, however, this process may be time consuming, 

as several sequences may need to be cloned and tested for expression 

and solubility before the determinative mutations are discovered.   

Additional attempts to crystallize BFDV Cap may include crystal trials 

incorporating the MAb, however, this method may not be suitable for all 

BFDV Cap isolates used as Chapter 2 revealed that MAb may not 

recognize all forms of BFDV Cap. 

Viewing a model of the structure provides insight to 

characteristics of recombinant Cap.  This also encompasses the 

molecular tools and techniques that have been used to understand 

recombinant Cap and how the structure relates to their interaction.  

The MAb, 3F8-1, is one of the most powerful molecular tools used to 

confirm the presence of a BFDV-specific antigen (Shearer et al. 2008b).  

Although the exact epitope cannot be determined with this sample, 

there is some evidence to speculate a binding region.  It was discussed 

in Chapter 2 that the MAb was developed using a full-length BFDV Cap 

protein, but its ability to bind recombinant Cap immediately narrows 

the epitope between residues 40-238.  The MAb has also been used 

previously to confirm the presence of native BFDV and 

immunohistochemistry (IHC) in fixed tissues (Shearer et al. 2008a; 

Shearer et al. 2008b).  Overall, the MAb has been used to bind BFDV Cap 
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in both its native, folded state, and in its denatured form. The surface of 

a native protein is not necessarily made up of consecutive residues, the 

epitope may not consist of consecutive residues either, however, 

because the MAb also binds denatured protein it is reasonable to 

suggest that the MAb binds to an epitope of consecutive residues.  This 

hypothesis is upheld as it was found that epitopes recognized in 

formalin-fixed, paraffin-embedded tissues are likely linear and contain 

high concentrations of tyrosine, glutamine, proline, and/or leucine 

(Sompuram et al. 2006).  If the putative epitopes from PCV2 Cap are 

indicative of probable epitopes on recombinant Cap, epitope E, 

including the upstream protrusion, appears to be a candidate for MAb 

3F8-1 binding.  This region contains several of these specific amino 

acids and is homologous to surface residues from PCV2 Cap.  Mutations 

in and around epitope E may also be responsible for the MAb not 

recognizing the recombinant OBP Cap (demonstrated in Chapter 2), and 

narrow the residues necessary for detection.  These mutations include 

two residues specific to linear epitopes found in close proximity to 

consecutive proline, glutamine, and leucine residues (Table 3.3).      

 The location of the NLS may also signify a function within the 

viral capsid.  Citing proposed functions for similar N-termini found in 

PCV and CAV which are used in packaging the viral genome into the 

capsid (Todd 2000), the NLS on BFDV Cap was assumed to be confined 

to the inside of the capsid in order to carry out this role (Johne et al. 

2004).  Although the high concentration of positively charged arginine 

prevents a definitive structure from being determined without direct 

structural analysis of the full-length protein, PCV2 Cap structural data 
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(Khayat et al. 2011), even with a truncated NLS, is enough to show that 

the N-terminal of the protein is inward facing.  The NLS region was also 

observed binding DNA (Heath et al. 2006), giving credence to the claim 

that the N-terminal in BFDV Cap is responsible for viral DNA packaging 

in the capsid. 

 To continue to expand the structural knowledge of BFDV Cap, 

crystallographic or NMR data will have to be attained.  It would be 

preferential to use the full-length protein, however, the NLS region has 

been shown to inhibit expression in E. coli (Johne et al. 2004) and it 

likely would inhibit crystallization as well.  Nevertheless, additional 

sequences of BFDV Cap, full-length and fragmented, should be 

expressed in an attempt to optimize for crystallization or NMR.   

 Models were made and evaluated for eight related circoviruses, 

four from avian hosts, two from fish, and two isolated from mammalian 

hosts.  The structures for the models, along with sequence similarities 

show the relatedness of the avian circoviruses.  Classifications between 

the other viruses, however, do not necessarily follow the same lines as 

their hosts.  The publications reporting the viruses from non-avian 

hosts provide insight to the differences seen in these isolates.  The 

discovery of BaCV and CfCV resulted in a new group of fish circoviruses, 

which are separated from circoviruses of other hosts (Lorincz et al. 

2011; Lorincz et al. 2012).  Although BaCV is the closest related virus to 

CfCV, their Cap sequences only share 28% identity and 46% similarity 

so their structures need not be similar.  Their discrepancy for similarity 

with PCV2 Cap is not surprising either, as phylogenetic analysis of 

amino acid sequence places BaCV closer than CfCV to PCV2 (Figure 
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3.5)(Lorincz et al. 2012).  The viruses isolated from mammalian hosts 

also differ greatly, however this is evident from their nomenclature.  

The CsaCV-chimp17 isolate was shown to relate to avian circoviruses 

more closely than other clusters (Figure 3.5)(Li et al. 2010).  Meanwhile, 

the little data that exists on the newly discovered CaCV-1 classifies the 

canine virus a separate species, as it shows minimal identity to other 

circoviruses (Kapoor et al. 2012).  Although both structures show 

distinct characteristics for both mammalian-isolated circoviruses, it can 

be seen that CsaCV-chimp17 resembles avian models with its eight β-

sheets.   

 The avian circoviruses share many characteristics, including the 

previously mentioned eight β-sheets, and distinct surface amino acid 

sequences.  The sequences WIPL, HYGLAFS, and PQP occur in several of 

the analyzed avian circovirus sequences, which corresponds to residues 

of epitope E of PCV2 Cap and the residues immediately preceding.  

Since these conserved regions are on the surface and are found in 

protrusions, the sequences may be a suitable antigen for MAbs that can 

be used to target a wide range of strains among a species of circoviruses, 

or as possibly as a general diagnostic to cross-react with a range of 

host’s viruses.  The ability of MAbs to cross-react with related viruses 

has been show to have neutralizing activity, and is of great interest as a 

diagnostic and characterization tool for many viral pathogens 

(Kitamoto et al. 2002; Kitamoto et al. 1986; Rizk et al. 2008).  The 

location of the conserved sequences on the surface, as well as their 

close proximity may also select for MAbs with recognize linear epitopes, 

making them more robust for experimentation and diagnostics.      
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 The overall structure of all circoviruses examined in this chapter 

showed a high degree of similarity.  Several studies have noted the high 

variation in circovirus sequences, especially those contributing to the 

capsid protein (Bassami et al. 2001; Fenaux et al. 2000; Fu et al. 2011; 

Hess et al. 2004; Khalesi et al. 2005; Kondiah et al. 2006; Larochelle et 

al. 2002; Mankertz et al. 2000; Raue et al. 2004; Wang et al. 2011; Zhang 

et al. 2011).  With the high diversity, even among isolates and strains 

from the same virus, structural changes may be anticipated.  Many 

surface antigens will change, however, despite the diversity the 

configuration of the β-sheets at the centre of the structure was 

consistent throughout all models, creating a jelly roll formation as 

reported by Khayat et al. (2011) for PCV2 Cap and seen in other 

icosahedral viruses (Harrison et al. 1978; Speir and Johnson 2008).  

Even with PCV2 Cap exhibiting nearly twice as many β-sheets in the 

structure as CfCV and CaCV-1, the internal structure is still maintained.  

The presence of α-helices in the viruses may not be as significant due to 

their variation among closely related isolates and their generally small 

size.  Long strands, containing the NLS would be seen on the N-terminal 

of all Cap proteins.  It was noted that all N-termini of the circoviruses 

viewed were directed internally into the viral capsid.  Some of these 

strands may reach further into the centre of the capsid than other, but it 

is likely that the NLS interacts with the viral genome in the intact capsid 

as this region has been shown to bind DNA (Heath et al. 2006).  Since 

many changes occur on the external surface and do not affect the 

interaction with other Cap proteins, the viral capsid of all circoviruses 

likely share a high level of structural similarity.  



Chapter 3: Modeling and structural data 

96 
 

 The structural determination of BFDV Cap NLS in complex with 

mImpα∆IBB illuminated a pathway of nuclear localization for the viral 

Cap.  Although only seven residues were present in the structural data 

that was attained, it could be seen that the BFDV Cap NLS bound to the 

major site on the importin molecule.  Other residues were not present 

on the electron density likely because of the flexibility of the region.  

Additional residues that may span the region in between the major and 

minor binding sites, analogous to linker residues had a bipartite 

binding profile been observed, may not be present because the Impα 

residues in that region are positively charged (Marfori et al. 2012) and 

could repel the strong positively charged regions of the Cap NLS.   

 Dissection of the binding profile of the BFDV Cap NLS reveals a 

compatible, albeit less than optimal binding.  Binding positions in the 

major site have been characterized to an extent, and P1 has been shown 

to accept several amino acids (Kalderon et al. 1984); this would allow 

the positively charged NLSArg23 to interact with Impα residues at P1.  

P2 strongly prefers a K, which is shown to be conserved among classical 

NLS sequences (Hodel et al. 2001; Marfori et al. 2012; Marfori et al. 

2011), therefore, NLSArg22 is not an ideal binding partner, however, 

atypical NLS sequences that do not have a K have been shown to bind 

the major site of Impα (Wolff et al. 2002).  The P3 site prefers a R or K 

but contributes less to the binding of an NLS than P2 (Hodel et al. 2001; 

Yang et al. 2010), which may explain the range of binding residues 

among known NLSs (Marfori et al. 2011).  The NLSArg21 residue in the 

P3 site, however, is ideal.  Position P4 is not specific and would be 
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accepting of even a small hydrophobic residue, though NLSArg20 

provides the more stability (Marfori et al. 2011).  P5 prefers a R or K, 

matching that seen in BFDV Cap NLS, and, along with P3 contributes the 

second highest energy for binding following P2 (Hodel et al. 2001; 

Marfori et al. 2011), while P6 will accommodate a range of residues and 

is less important for binding (Kalderon et al. 1984).  When viewing the 

sequence of the entire BFDV Cap NLS, the interaction of a region not 

containing a K residue may not be so surprising, as molecules with 

extremely high affinity to Impα will act as an inhibitor, and the large 

amount of R residues present provide ideal binding partners for most of 

the sites (Dias et al. 2009; Kosugi et al. 2008). 
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Figure 3.15: A representation of the full-length BFDV Cap (green and cyan) binding to 
Impα (yellow).  The cyan region of BFDV Cap is seen to bind the major site of Impα. 

 

 While the experiments by Heath et al. (2006) were important to 

show nuclear localization of BFDV Cap, they did not isolate the pathway, 

or any critical binding regions.  As well, Heath et al. (2006) identified 

three NLS regions present in the BFDV Cap sequence, NLS1, NLS2, and 

NLS3, and classified the BFDV Cap NLS as bipartite, however, only 

binding representative of a monopartite NLS is seen in this data (Figure 

3.15).  This could be because of the lack of the NLS3 region, which has 

the KR motif typical of NLSs that bind the minor site (Marfori et al. 
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2011), and the NLS3 also matches a KRQ motif seen in the yeast cap-

binding protein 80, which has high affinity to mImpα∆IBB (Marfori et al. 

2012).  The downstream KR motif also provides the assumption of the 

directionality of the BFDV Cap NLS peptide binding in this experiment.  

As the visible residues, YRRRRRY, represent a molecular palindrome it 

cannot be definitely determined if the residues bind sites P1-P5 in the 

18-23 or 23-18 order, although the downstream KR, the direction 

which residues are found which normally bind the minor site (Marfori 

et al. 2012) and bipartite hypothesis conclude.  Conversely, the region 

containing the KR motif is predicted to form a β-sheet, and, therefore, 

may not be available to bind the minor site.  The addition of the K 

residue in the entire Cap NLS may also prefer to bind to P2 of the major 

site, as a K in P2 is much more stable than an R, as shown in Simian 

Virus 40 large T-antigen protein mutation experiments (Colledge et al. 

1986; Hodel et al. 2001).  The presence of a K bound in P2 would 

increase affinity of Cap NLS to Impα and improve the efficiency of 

localization into the nucleus (Hodel et al. 2006; Hu and Jans 1999; 

Hubner et al. 1997; Yang et al. 2010).  Heath et al. (2006) did not show 

that NLS1 and NLS2 were capable of nuclear localization of BFDV Cap 

without NLS3, and, although the bond strength may not be optimal 

without NLS3, thus, possibly slowing nuclear localization, this data 

shows that NLS1, at least, is capable of binding mImpα∆IBB.   



 

 
 

Chapter 4. Confirmation of the antigenicity of 
recombinant Cap  

4.1 Summary 

 To validate the use of recombinant Cap for further use, such as in 

diagnostics and vaccinations, the recombinant protein must 

demonstrate an ability to mimic native BFDV.  Chapter 2 reported 

antigenic specificity with a MAb, and previous publications used 

recombinant BFDV Cap immunizations to garner a BFDV-specific 

immune response.  This chapter uses these techniques combined with 

additional serological and molecular biology techniques to compare 

host cell interactions in the presence of recombinant Cap and BFDV, 

and verify the induction of anti-BFDV antibodies in vivo.  A 

haemagglutination assay (HA) and novel fluorescent serological 

immunoassay showed corresponding results for recombinant Cap and 

native BFDV.   Immunization of galahs with recombinant Cap over a 

range of dosages also displayed increased production of BFDV-specific 

antibodies.  These results were necessary to continue with 

experimentation of recombinant Cap as a vaccine, and for use and 

substitution of BFDV in diagnostic assays. 

4.2 Introduction 

 The production of BFDV Cap in E. coli allows for widespread 

production and use of the protein.  Evidence of BFDV-specific 

antigenicity of recombinant Cap shown using a MAb in Chapter 2 also 

encourages its use in further experimentation, such as vaccine trials, 



Chapter 4: Confirmation of the antigenicity of recombinant Cap 

101 
 

although, additional confirmation of antigenicity should be performed 

using host animal cells, and in vivo experiments.   

A simple test of reactivity with host cells would be to perform a 

haemagglutination assay (HA).  BFDV is known to cause 

haemagglutination of type A galah erythrocytes (while type B galah 

erythrocytes do not haemagglutinate) (Raidal et al. 1993).  Baculovirus-

expressed full-length BFDV Cap was also capable of causing 

haemagglutination (Stewart et al. 2007).  This reaction is specific and 

has been documented to occur in certain avian erythrocytes, while not 

occurring in others (Sanada and Sanada 2000).  Producing a serological 

reaction similar to native virus with host erythrocytes and showing 

specificity needs to be demonstrated by recombinant Cap.   

Molecular techniques also need to be considered.  Previous 

studies have shown that MAb 3F8-1 binds native BFDV (Shearer et al. 

2008a; Shearer et al. 2008b), and MAb 3F8-1 binding recombinant Cap 

was also observed in a Western blot and ELISA in Chapter 2.  A novel 

immunoassay has been designed which combines the serology from the 

HA and molecular aspect of MAb 3F8-1.  The advantage of incorporating 

molecular biology allows one to observe the interaction of BFDV and 

recombinant Cap with specific groups of erythrocytes, and compare 

these results on a smaller scale.   

Perhaps the most important experiment when viewing antigen 

specificity of a viral protein as it relates to a host species is an in vivo 

experiment.  Seroconversion was seen in chickens immunized with a 

recombinant BFDV Cap protein cloned from BFDV isolated from a 

sulphur crested cockatoo (Johne et al. 2004).  This seroconversion was 
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detected using immunoblots, a technique capable of detecting the 

presence of antibody but not an accurate method of quantifying the 

amount of antibody.  To determine the quantity of anti-BFDV antibodies 

produced in response to recombinant Cap inoculation, a 

haemagglutination inhibition (HI) assay must be used.  This chapter will 

quantify an immune response elicited by the injection of recombinant 

Cap in birds susceptible to BFDV infection.                 

 

4.3 Materials and methods 

4.3.1 Protein expression and purification 

 Recombinant Cap was expressed and purified as outlined in 

sections 2.3.5 and 2.3.6.  Haemagglutination (HA) assays and binding 

assays with erythrocytes used pure, tag-less recombinant Cap in Capsid 

Buffer C.  For galah injections, His-tagged recombinant Cap in Capsid 

Buffer B was used. 

         

4.3.2 Haemagglutination (HA) assay 

 Haemagglutination assays were performed according to 

methods of Raidal et al. (1993).  To each well of a 96-well U-bottomed 

plate (Nunc) 50 µL of phosphate-buffered saline (PBS) was added.  To 

the positive control and recombinant Cap rows 50 µL of BFDV 

suspension or purified recombinant Cap in Capsid Buffer C diluted 

1:100 or 1:50 with PBS (0.375 µg, 0.1 µg, or 0.05 µg of total protein was 

added to corresponding well) was added to the first well of the rows 

and the following wells in the rows were serially diluted.  Serial 
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dilutions were made by mixing the 100 µL of solution in the first well, 

pipetting out 50µL and adding it to the 50 µL of PBS second well, 

repeating the process for the remaining wells in the row.  All wells 

received 50 µL of 1% suspension of type A galah erythrocytes in PBS.  

Negative control rows received only PBS and type A galah erythrocytes.  

Additional controls received PBS, type A galah erythrocytes and Capsid 

Buffer C without protein diluted 1:100 in PBS, PBS, recombinant Cap 

and chicken erythrocytes, or PBS, Capsid Buffer C without protein 

diluted 1:100 with PBS, and chicken erythrocytes.  The plate was 

incubated at 37°C for 1 hour and results were viewed; positive HA titres 

were indicated by a suspension of erythrocytes and negative HA results 

showed erythrocyte sedimentation.   

 

4.3.3 Recombinant Cap binding assay 

 A 0.5% suspension of avian erythrocytes (type A galah 

erythrocytes, type B erythrocytes, or pigeon erythrocytes) in PBS was 

prepared and 200 µL was added to 100 µL of 0.5 mg/mL recombinant 

Cap in Capsid Buffer C diluted 1:100 in PBS in a microcentrifuge tube or 

50 µL of BFDV suspension with 50 µL of PBS.  The suspension was 

incubated at 4°C overnight, or for 1 hour at 37°C.  The microcentrifuge 

tube was briefly centrifuged and the solution was discarded.  

Erythrocytes were gently resuspended in 300 µL of PBS.  A 1 mg/mL 

stock solution of MAb 3F8-1 was diluted 1:200 in PBS, and 30 µL was 

added to the erythrocyte suspension.  The suspension was incubated 

for 1 hour at room temperature.  The microcentrifuge tube was briefly 
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centrifuged and the supernatant was discarded.  Erythrocytes were 

gently resuspended in 300 µL of PBS with the addition of 2.5 µL of 2 

mg/mL Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) and 

incubated in the dark at room temperature for 1 hour.  The suspension 

was briefly centrifuged, supernatant discarded, and erythrocytes were 

resuspended in 100-300 µL of PBS.  Aliquots of the suspension were 

placed on microscope slides and viewed with fluorescent microscopy.           

 

4.3.4 Galah injection with recombinant Cap 

 Galahs were separated into three different injection groups 

according to dose of recombinant Cap and adjuvant (Table 4.1).  

Adjuvants, Montanide ISA 70 VG and Montanide ISA 71 VG (Seppic), 

were mixed with the recombinant Cap solution in a ratio of 7:3 

(adjuvant:recombinant Cap solution) according to the manufacturer’s 

protocol.  Individuals were given intramuscular injection in the left 

pectoral muscle on day 0 and the right pectoral muscle on day 21.  

Blood was collected from each galah and dried on filter paper on days 0, 

21, and 35.  Blood samples were collected prior to injections on days 0 

and 21.               

 

4.3.5 Haemagglutination inhibition (HI) assay 

 Haemagglutination inhibition assays were performed according 

to methods of Raidal et al. (1993).  To prepare the samples, circles of 

dried blood from filter paper (collection described in section 4.3.4) 

were cut out with a hole punch and placed into a microcentrifuge tube 
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with 100 µL of 5% acid washed kaolin.  Blood spots were left to 

incubate overnight at 4°C.  The tubes were centrifuged briefly, and 50 

µL of the supernatant was mixed in a clean microcentrifuge tube with 

50 µL of 10% suspension of normal galah erythrocytes in PBS.  The 

serum was left to haemadsorb overnight at 4°C.            

 The assay was carried out in 96-well U-bottomed plates (Nunc).  

To each well 50 µL of PBS was added.  To the first well of each row 50 

µL of sample serum was added to the sample’s corresponding row.  The 

serum was serially diluted along the row by mixing the 100 µL of 

solution and adding 50 µL of it to the next well in the row to the 50 µL 

of PBS, and continuing this for the remaining wells in the row.  To each 

well except those in the negative control row 50 µL of BFDV suspension 

was added.  On the negative control row, 50 µL of BFDV suspension was 

added to the last well, and serially back titrated until the first well in the 

row.  The plate was incubated for 1 hour at 37°C.  Following the 

incubation, all wells received 50 µL of 1% suspension of type A galah 

erythrocytes in PBS and were incubated for another hour at 37°C.  

Sedimentation of erythrocytes indicates a positive HI titre and 

corresponds to the sample serum possessing anti-BFDV antibodies to 

inhibit haemagglutination, while erythrocyte suspension is a negative 

result.                

 

4.3.6 Polymerase chain reaction 

 Diagnostic PCRs for BFDV were performed on the blood samples 

collected in section 4.3.4. DNA was extracted from blood samples as 
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described previously in section 2.3.1.  The protocol for PCR was similar 

to that described in section 2.3.2 with the exception of using primers P2 

(forward; 5’-AACCCTACAGACGGCGAG-3’) and P4 (reverse; 5’-

GTCACAGTCCTCCTTGTACC-3’) from Ypelaar et al. (1999).  Results from 

electrophoresis were visualized by adding 0.001% SYBR Safe DNA Gel 

Stain (Invitrogen) to a 1% agarose gel.     

 

4.4 Results 

4.4.1 Haemagglutination (HA) assay 

 The recombinant Cap row, which added 0.375 µg of protein to 

the first well, had an HA titre of 8 (Figure 4.1).  This corresponds to 1.5 

ng of recombinant Cap, a concentration 15 ng/mL causing a 0.5% 

suspension of type A galah erythrocytes to agglutinate.  The rows with 

0.1 µg and 0.05 µg of recombinant Cap added to the first well had HA 

titres of 7 and 6, respectively, and agglutination was still observed in 

wells containing 0.78 ng of protein, a concentration of 7.8 ng/mL.  The 

positive control row had an HA titre of 6.  The row containing Capsid 

Buffer C without recombinant Cap had no haemagglutination, showing 

that haemagglutination was caused by recombinant Cap.  Rows 

containing chicken erythrocytes also had no agglutination.  This 

demonstrates that haemagglutination was specific to recombinant Cap 

mixed with type A galah erythrocytes.   
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Figure 4.1: HA plate results confirming a specific reaction between galah erythrocytes 
and recombinant Cap.  All rows received type A galah erythrocytes, unless otherwise 
stated.  Row A) was a negative control row, therefore, received neither recombinant 
Cap nor BFDV, B) was a positive control row using native BFDV, C) received 0.375 µg 
of recombinant Cap added to the first well, D) is a continuation of the serial dilution 
from recombinant Cap, therefore, the first well received 46 pg of recombinant Cap, E) 
received Cap Buffer C diluted 1:100 with PBS, F) received 0.375 µg of recombinant 
Cap in the first well and chicken erythrocytes, G) received Cap Buffer C diluted 1:100 
with PBS and chicken erythrocytes, H) was a negative control row, I) was a positive 
control row, J) received 0.05 µg of recombinant Cap in the first well, K) received 0.1 µg 
of recombinant Cap in the first well, L) received 0.05 µg of recombinant Cap in the first 
well and chicken erythrocytes.  All rows except the negative control rows were 
serially diluted.     

 

4.4.2 Binding assay with avian erythrocytes 

 Recombinant Cap was found to bind both type A and type B 

erythrocytes.  Although type B erythrocytes do not haemagglutinate 

when exposed to BFDV, some agglutination was observed during 
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fluorescent microscopy, with these cells showing recombinant Cap and 

binding (Figure 4.2).  Some non-agglutinating cells were also observed 

to bind recombinant Cap.  Type B erythrocytes with bound recombinant 

Cap or BFDV appeared to be swollen, even on the verge of lysing, while 

non-fluorescing cells were flattened or had convolutions on their 

surface (Figure 4.6).   

 

 Type A erythrocytes were seen haemagglutinating in larger 

numbers, and most of these cells were bound to recombinant Cap  

(Figure 4.3).  Non-agglutinating type A erythrocytes were also observed, 

with a small number of these also binding recombinant Cap.  Unlike 

type B, type A erythrocytes did not appear to have convolutions (Figure 

4.6).   

 

When mixed with BFDV, type A and type B galah erythrocytes 

had similar interactions and binding to erythrocytes mixed with 

recombinant Cap (Figure 4.4 and Figure 4.5). 
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Figure 4.2: Binding assay of recombinant Cap with type B galah erythrocytes.  Figure A 
is the bright field microscopy view of the erythrocytes, figure B is the fluorescent 
microscopy view, and figure C is the superimposed view.  Binding of recombinant Cap 
was observed with some cells in the solution.  The cells were observed to have little 
agglutination, and erythrocytes with convolutions did not show binding with 
recombinant protein.    
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Figure 4.3: Binding assay of recombinant Cap with type A galah erythrocytes.  Figure 
A is the bright field microscopy view of the erythrocytes, figure B is the fluorescent 
microscopy view, and figure C is the superimposed view.  Binding of recombinant Cap 
was observed with some cells in the solution, mostly the cells observed to be 
haemagglutinating.  The cells did not appear to have convolutions.      
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Figure 4.4: Binding assay of native BFDV with type B galah erythrocytes.  Figure A is 
the bright field microscopy view of the erythrocytes, figure B is the fluorescent 
microscopy view, and figure C is the superimposed view.  Binding of BFDV was 
observed with some cells in the suspension.  The cells were observed to have little 
agglutination, and erythrocytes with convolutions did not show binding with BFDV.    
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Figure 4.5: Binding assay of native BFDV with type A galah erythrocytes.  Figure A is 
the bright field microscopy view of the erythrocytes, figure B is the fluorescent 
microscopy view, and figure C is the superimposed view.  Binding of BFDV was 
observed with some cells in the suspension, mainly those involved in 
haemagglutination.  The cells did not appear to have convolutions.    
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Figure 4.6: Galah erythrocytes incubated with native BFDV.  Figure A1 is type A 
erythrocytes without virus, and figure A2 is type A erythrocytes following incubation 
with native BFDV.  Figure B1 is type B erythrocytes without virus and figure B2 is type 
B erythrocytes following incubation with native BFDV.  Convolutions on erythrocytes 
are indicated in figure B2 by arrowheads. 

 

Mixing recombinant Cap with pigeon erythrocytes resulted in 

neither haemagglutination nor binding with the protein (Figure 4.7).  

Pigeon erythrocyte suspensions mixed with BFDV yielded similar 

results (Figure 4.7). 
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Figure 4.7: Binding assay of native BFDV and recombinant Cap with pigeon 
erythrocytes.  Figures A, B, and C are pigeon erythrocytes with BFDV, and figures D, E, 
and F are pigeon erythrocytes with recombinant Cap.  Figures A and D are the bright 
field microscopy view of the erythrocytes, figures B and E are the fluorescent 
microscopy view, and figures C and F are the superimposed view.  No binding of 
erythrocytes was seen in either native BFDV or recombinant Cap incubations.  
Haemagglutination of the erythrocytes did not occur. 
 

 

4.4.3 Effect of injections of recombinant Cap on haemagglutination 
inhibition (HI) assays 

 The average HI titres for all dosage groups increased from day 0 to day 35 
(Table 4.1).  The group receiving 73 µg of recombinant Cap per dose had an average 
increase of 1.5 HI units from day 0 to day 35 ( 

Figure 4.8), the group receiving 14 µg of recombinant Cap per dose had 

an average increase of 1.4 HI units (Figure 4.9), and the group receiving 

7.3 µg of recombinant Cap per dose had an average increase of 1 HI unit 
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(Figure 4.10).  The sub-group receiving 73 µg recombinant Cap doses 

with Montanide ISA 70 VG showed the same average, 1.5 HI units, 

increase between days 0 and 35 as the sub-group receiving the same 

recombinant Cap dosage with Montanide ISA 71 VG.  Of the sub-groups 

receiving recombinant Cap doses of 14 µg, the sub-group with the 

injection containing Montanide ISA 70 VG displayed a higher average HI 

unit increase at 2 HI units between days 0 and 35, compared to the sub-

group receiving Montanide ISA 71 VG, which increased by 0.5 HI units 

on average.  The sub-group receiving 7.3 µg recombinant Cap doses 

with Montanide ISA 70 VG had no change in HI titre between days 0 and 

35, while the sub-group receiving the same dose with Montanide ISA 71 

VG increased their average HI titres by 2 HI units.       
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Figure 4.8: HI assay of galah 682ECDC, which received 73 µg of recombinant Cap on 
days 0 and 21.  Row A shows the results of the blood sample taken on day 0, prior to 
injection, row B is from day 21 and row C from day 35.  The recombinant Cap injection 
has increased the individual’s anti-BFDV antibody titre from 3 to 5.  Average group 1 
titres were 0.75 on day 0 and 2.25 on day 35. 

 

 

 

Figure 4.9: HI assay of galah 6731F11, which received 14 µg of recombinant Cap on 
days 0 and 21.  Row A shows the results of the blood sample taken on day 0, row B is 
from day 21 and row C from day 35.  The recombinant Cap injection has increased the 
individual’s anti-BFDV antibody titre from 3 to 6.  Average titres for group 2 were 2.2 
on day 0 and 3.6 on day 35.     

 

 

 

Figure 4.10: HI assay of galah 6738050, which received 7.3 µg of recombinant Cap on 
days 0 and 21.  Row A shows the results of the blood sample taken on day 0, row B is 
from day 21 and row C is from day 35.  The recombinant Cap injection has increased 
the individual’s anti-BFDV antibody titre from 2 to 4.  Average titres for group 3 were 
1.5 on day 0 and 2.5 on day 35.  
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Table 4.1: Dosage groups of galahs injected with recombinant Cap.  Groups are 
dependent on the amount of recombinant Cap received per injection, and sub-groups 
are dependent on the adjuvant used in the injection.  The HI titres for each blood 
sample taken on days 0, 21, and 35 are also shown. 

Galah ID 
code Adjuvant 

Recombinant Cap 
dose (µg) per 

injection 

Day 0 
HI titre 

Day 21 
HI titre 

Day 35 
HI titre 

682ECDC Montanide  
ISA 70 VG 73 3 5 5 

682F099 Montanide 
ISA 70 VG 73 0 1 1 

682F7DD Montanide 
ISA 71 VG 73 0 3 1 

6737A3E Montanide 
ISA 71 VG 73 0 1 2 

682F711 Montanide 
ISA 70 VG 14 1 5 4 

673059E Montanide 
ISA 70 VG 14 4 5 4 

6731F11 Montanide 
ISA 70 VG 14 3 4 6 

682E8C9 Montanide 
ISA 71 VG 14 0 1 0 

6673019C Montanide 
ISA 71 VG 14 3 3 4 

6781DB4 Montanide 
ISA 70 VG 7.3 2 3 2 

673296B Montanide 
ISA 70 VG 7.3 0 0 0 

6738050 Montanide 
ISA 71 VG 7.3 2 3 4 

682D419 Montanide 
ISA 71 VG 7.3 2 3 4 
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4.4.4 Detection of BFDV in galahs injected with recombinant Cap 

 To determine if test galahs were infected with BFDV 

simultaneous to their injections of recombinant Cap or during the final 

bleed diagnostic PCRs were performed on the blood samples taken.  All 

samples showed negative results, confirming that the test individuals 

were not infected to BFDV throughout the course of the experiment.  

 

4.5 Discussion 

 The ability to produce a recombinant viral surface protein via an 

E. coli expression system is appealing for commercial use as a vaccine 

or in diagnostics, but its application must be proven to elicit an immune 

response in vivo and react predictably with host cells.  The experiments 

in this chapter demonstrate these attributes successfully with the use of 

recombinant Cap.  In the HA, recombinant Cap showed a reaction 

equivalent to that seen with native BFDV.  Agglutination of galah 

erythrocytes was seen to be specific to the addition of recombinant Cap.  

Wells containing Cap Buffer C with no recombinant Cap did not 

agglutinate.  Negative results from buffer only-wells is important to 

demonstrate, as the buffer contains reagents capable of lysing 

erythrocytes at higher concentrations, a reaction with superficially 

resembles agglutination.  Recombinant Cap was also shown to produce 

a negative result with chicken erythrocytes, demonstrating that 

agglutination is BFDV-specific.  Chickens are not susceptible to BFDV 

infection, and a positive reaction of chicken erythrocytes with 

recombinant Cap would suggest that the protein is non-specific and 
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may react with all avian erythrocytes, and therefore, may produce 

inaccurate results if used in a diagnostic setting. 

 The novel immune assay, linking fluorescent microscopy with 

serological techniques, also show consistent results between native 

BFDV and recombinant Cap.  Erythrocytes from a susceptible host, both 

agglutinating and non-agglutinating blood types, show binding of BFDV 

and recombinant Cap.  The cell surface antigen responsible for 

agglutination in the presence of the virus has not been identified, 

however, it may now be said that the antigenic difference between 

agglutinating and non-agglutinating blood groups does not discourage 

viral binding.  An interesting observation was the presence of 

indentations on the surface of type B (non-agglutinating) erythrocytes 

(Figure 4.6).  Binding of viral protein to host cells has been shown to 

cause membrane changes and ruffling (Li et al. 1998), leading to the 

hypothesis that type B erythrocytes may bind and internalize the virus 

faster than type A erythrocytes, removing BFDV from the surface, thus, 

inhibiting agglutination.  The lack of fluorescence on cells showing 

rippling membranes offer additional support for this hypothesis.  As the 

erythrocytes were not fixed on slides, BFDV or recombinant Cap that 

has been internalized would not be available for MAb or secondary 

antibody binding.  The lack of any detectable non-specific interaction 

between recombinant Cap and pigeon erythrocytes, again, highlights 

the likely specificity of Cap for some yet to be determined specific cell 

surface component.       

A recombinant BFDV capsid protein produced in a baculovirus 

system has previously been reported to cause haemagglutination in 
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galah erythrocytes (Stewart et al. 2007), however, there are notable 

differences between the baculovirus-produced BFDV capsid and 

recombinant Cap in this study.  The baculovirus-produced protein was 

a full-length capsid protein, possessing an NLS on the N-terminus.  The 

full-length baculovirus expressed protein was confirmed to form VLPs, 

although these VLPs exhibited variation in size and shape when 

compared to native BFDV.  This non-uniform characteristic has also 

been seen among other viral proteins, such as the closely related PCV 

Cap, and parvovirus B19 (Crowther et al. 2003; Nawagitgul et al. 2000).  

The current study and a publication by Johne et al. (2004) reviewing 

expression of BFDV Cap in a bacterial system did not evaluate its ability 

to assemble into VLPs, but recombinant Cap’s ability to induce 

haemagglutination and show binding to galah erythrocytes is evidence 

that it can mimic wild-type BFDV and VLPs, therefore, the NLS is not 

necessary for the protein to mimic native virus or VLPs during the 

assays. 

 Immunizations of galahs with recombinant Cap saw an overall 

increase of anti-BFDV titres in all dosage groups.  The use of a 

recombinant BFDV Cap fragment, not including an NLS, has previously 

been confirmed to elicit a BFDV-specific immune response by Johne et 

al. (2004).  That experiment used two 50 µg injections of recombinant 

BFDV Cap.  The high dosage of 73 µg per injection in this study was 

chosen to demonstrate that recombinant Cap was undoubtedly capable 

of increasing immunity towards BFDV.  This was proven as well as the 

ability to increase immunity using a dosage ten times lower.  Johne et al. 

(2004) also injected chickens, which may require a higher recombinant 
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BFDV Cap dose to stimulate an immune response because chickens are 

more reliably naïve against BFDV, however, this study did not use 

chickens because they were not necessary for preliminary data.  

Despite the use of galahs, many of which already displayed some 

amount of anti-BFDV titre, five individuals had initial HI titres of 0, one 

of which maintained a titre of 0 throughout the entire experiment, and 

two had final titres of 0; both of these individuals were in groups with 

intermediate or lower recombinant Cap doses, the individual with all HI 

negative blood samples being in the lowest dosage group.  As each 

increase in HI unit represents a corresponding exponential increase in 

antibodies, the results from this experiment warrant the use of chickens 

as naïve specimens in future studies evaluating recombinant Cap as a 

potential vaccine to minimize results influenced by an anamnestic 

response.      

 The lack of an NLS in this experiment is another confirmation of 

its minimal role as an antigen.  This was hypothesized previously 

because of a suspected DNA packaging function of this region, requiring 

the positively charged amino acids to be located inside the capsid 

(Johne et al. 2004; Todd et al. 2000).  After solving the PCV capsid 

structure, Khayat et al. (2011), indeed, revealed that the NLS is 

internalized.  It was suggested that the NLS might externalize through 

viral breathing, however, this process has not been verified in PCV or 

BFDV, and, if used, the momentary exposure of the NLS may not be a 

sufficient target for the host immune system. 



 

 
 

Chapter 5. Use of E. coli cell lysate in a blocking 
enzyme-linked immunosorbent assay (bELISA)  

 

5.1 Summary 

 Measuring the level of anti-BFDV antibodies in sample sera is a 

vital piece of information when determining the prognosis of a diseased 

bird, or acceptable immunization of an individual.  The method of 

detection has been a haemagglutination inhibition (HI) assay, which 

requires access to fresh, agglutinating blood, and purified antigen, but 

also lacks consistency because of the nature of these materials.  To ease 

requirements from live animals and improve consistency in assay 

materials the validation of a blocking enzyme-linked immunosorbent 

assay (bELISA) has been attempted.  The bELISA makes use of a MAb to 

specifically bind to BFDV antigen, presented in the form of recombinant 

Cap as part of E. coli cell lysate.  Blood samples taken from a flock of 

galahs previously inoculated with recombinant Cap and evaluated with 

an HI assay were used to compare the HI titres with the percent 

inhibition (PI) indicated by the bELISA method.  The bELISA had a low 

correlation coefficient (r2=0.4529) and sensitivity of 48.4%, however, 

the specificity was 100%.  To implement the use of the bELISA to 

determine antibody levels in vaccination and diagnostic samples 

improvements will need to be made to the current test conditions.  

These improvements include increasing the solubility of the 

recombinant protein and increasing the number of samples, especially 
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negative HI samples, to accurately determine the positive-negative cut-

off value.     

 

5.2 Introduction 

 To ensure an individual’s immunity toward a target pathogen 

following vaccination, specific antibody titres should be evaluated.  

Current protocols use HI assays to observe antibody levels; this method 

requires access to fresh blood capable of specific haemagglutination 

and has inconsistencies due to differing erythrocytes used in assays.  To 

reliably access fresh blood, birds with the correct blood type would 

need to be kept in close proximity to the diagnostic lab, which would 

raise costs for maintenance and infrastructure.   

 An effective way to determine an individual’s specific antibody 

level is to use a form of ELISA.  Methods have already been developed to 

detect antibodies for PiCV, DuCV, and PCV using ELISAs (Daum et al. 

2009; Liu et al. 2004; Liu et al. 2010; Nawagitgul et al. 2002; Perez-

Martin et al. 2008; Shang et al. 2008).  A blocking ELISA (bELISA) has 

also been optimized for diagnostic assays on BFDV using purified 

recombinant protein from baculovirus (Shearer et al. 2009a).  These 

types of assays that use recombinant protein have distinct advantages 

over the HI assays.  The use of recombinant proteins guarantees that 

the same level of purification, concentration and antigen are used for 

each round of testing.  Testing large numbers of samples using HI can 

be subject to inconsistencies due to variations in red blood cells 

between birds (both between and within species) (Sanada and Sanada 

2000), and degradation of red blood cells during storage.       
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Using recombinant protein in antibody detection would 

eliminate the need for infrastructure required to maintain birds, 

however, the expression system and purity of the protein will also 

determine additional requirements for equipment and expertise.  Until 

now, recombinant protein used for BFDV bELISAs have been pure, but 

the development of a monoclonal antibody will allow for a crude 

product to be used.  Reducing the standard of purity needed for the 

assays will greatly cut down on production time and equipment.  

Baculovirus expression systems also have much higher demands for 

maintenance and specialized knowledge than bacterial expression.  The 

drawback with using a bacterial expression system has been their 

inability to synthesize full-length BFDV capsid protein and their 

deficiency to produce soluble BFDV capsid protein (Johne et al. 2004).  

Also, a monoclonal antibody has been developed using a full-length 

capsid protein (Shearer et al. 2008b), which may target additional 

epitopes not available on protein fragments.  In order to use the simple 

bacterial expression method, a protein fragment that is antigenically 

compatible with the monoclonal antibody and is sufficiently soluble 

must be produced.  This chapter validates a bELISA for detecting anti-

BFDV antibody levels in vaccinated animals that uses bacterial cell 

lysate containing recombinant Cap as the antigen.          

 

5.3 Materials and methods 

5.3.1 Protein expression 

 Recombinant protein from the corella isolate was expressed as 

described in section 2.3.5. 
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5.3.2 Sample preparation 

 Dried blood spots collected from galahs injected with doses of 

recombinant Cap (as described in section 4.3.4) were used to validate 

the bELISA.  Samples were prepared as described by Shearer et al. 

(2009a).  A circle of dried blood from filter paper was cut out with a 

hole punch and added to 100 µL of PBST containing 5% skim milk.  

Blood spots were incubated in a humidified container at room 

temperature for 1 hour before use in the bELISA. 

 

5.3.3 Optimization of the bELISA 

 The amount of cell lysate required for the bELISA was 

determined using the protocol outlined in section 2.3.9.   

 The amount of MAb 3F8-1 required for the bELISA was 

determined using a similar protocol to section 2.3.9.  A constant amount, 

100 µL consisting of 300 nL of cell lysate per 1 mL of 0.5 M sodium 

bicarbonate buffer, was added to each well of a 96-well flat-bottom 

Microlon ELISA plate.  The plate was covered and incubated overnight 

at 4°C.  The plate was washed three times with PBST, and 100 µL of 5% 

skim milk PBST was added to block the wells for 1 hour at room 

temperature in a humidified container.  The plate was washed again 

with PBST, and 50 µL of 5% skim milk PBST was added to the wells of 

the negative control row and 50 µL of sample, as prepared in section 

5.3.2, were added to the wells of the sample row.  The plate was 

incubated for one hour at room temperature in a humidified container.  
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The sera and buffer were discarded, the plate washed three times with 

PBST, and dilutions of MAb 3F8-1 were added to each well.  To the first 

well in each column 50 µL of MAb 3F8-1 diluted 1:800 in 5% skim milk 

PBST was added, with sequential wells in each row receiving a MAb 

solution diluted 9:10 with 5% skim milk PBST.  The plate was incubated 

for 1 hour at room temperature in a humidified container.  The MAb 

solution was discarded and the plate washed three times in PBST.  HRP-

conjugated goat anti-mouse IgG was diluted 1:1000 in 5% skim milk 

PBST and 50 µL was added to each well.  The plate was incubated for 1 

hour at room temperature in a humidified container.  The antibody 

solution was discarded and the plate was washed three times with 

PBST.  Colour was developed by adding 50 µL of 3,3’,5,5’-TMB Liquid 

Substrate System for ELISA.  Colour development was stopped after 30 

minutes with 50 µL of 1M HCl and the absorbance was detected at 450 

nm.  The percentage inhibition (PI) of the wells incubated with samples 

was calculated by the equation: 

 

PI = 100-(absorbance of sample/absorbance of negative control × 100)        

 

The threshold value for positive samples was determined by 

using the mean PI of samples with an HI titre of 0 for the HI assay plus 

two standard deviations (Webster et al. 1997).    

5.3.4 Validation of the bELISA using E. coli lysate containing 
recombinant Cap   

The bELISA was performed similar to the protocol described by 

Shearer et al. (2009a) and in section 5.3.3.  E. coli expressing 
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recombinant Cap were lysed as described in section 2.3.6 and the 

suspension was centrifuged for 3 minutes at 17900 × g.  The 

supernatant was removed and 3 µL was added to 10 mL of 0.5 M 

sodium bicarbonate buffer.  The solution was vortexed and 100 µL was 

placed in each well of a 96-well Microlon ELISA plate.  The plates were 

sealed and incubated overnight at 4°C.  The buffer was discarded and 

the wells were washed three times with PBST.  The wells were blocked 

with 100 µL of PBST containing 5% skim milk for 1 hour at room 

temperature in a humidified container.  The buffer was discarded and 

the wells were washed three times with PBST.  Into the corresponding 

well, 50 µL of solution prepared from blood spots (as described in 

section 5.3.2) were added and incubated for 1 hour at room 

temperature in a humidified container.  During this time negative 

control wells were blocked with 50µL of 5% skim milk PBST.  The 

sample and buffer solutions were discarded and the plate was washed 

three times with PBST.  MAb 3F8-1 was diluted 1:2294 (1 mg/mL 

stock) in 5% skim milk PBST and 50 µL of the solution was added to 

each well.  The remaining incubation conditions, washes, addition of 

HRP-conjugated goat anti-mouse IgG, and colour development were 

carried out as outlined in section 5.3.3.  Positive control wells used 

either no protein in the sodium bicarbonate buffer or were not 

incubated with HRP-conjugated goat anti-mouse IgG.  The positive 

control represents complete blockage of recombinant Cap, and the 

negative control represents no anti-BFDV antibodies in the sample 

serum, therefore, absorbance is high because of primary and secondary 
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antibody binding.  Samples with lower absorbance than the negative 

control indicate the presence of anti-BFDV antibodies in the serum.  The 

PI of each sample was calculated using the equation stated in section 

5.3.3, and these results were plotted against the HI results in section 

4.4.1 and Table 4.1.  Each sample and control was repeated throughout 

its respective column, resulting in eight replicates.  The average 

absorbance of the eight wells was used to calculate the PI of each 

sample. 

 

5.4 Results 

5.4.1 Optimization of the amount of cell lysate and monoclonal antibody 
for bELISA 

The appropriate concentration of cell lysate, 300 nL of cell lysate 

per 1 mL of 0.5 M sodium bicarbonate buffer, and 100 µL added to each 

well, was determined by the threshold of cell lysate required to elicit 

sufficient absorption without blocking the antigen from Table 2.1.   

The concentration of MAb 3F8-1 which allowed the greatest PI 

was determined to be 2.18 µL of 1.0 mg/mL stock of MAb per 5 mL of 

5% skim milk PBST, a 1:2294 dilution. 

 

5.4.2 Validation of bELISA using samples with known HI titres 

 All 39 galah blood samples were tested for their inhibitory 

effects on MAb binding to BFDV antigen in the form of recombinant Cap.  

The percent inhibition of each sample, along with their HI value as 

previously determined in Section 4.4.3 is shown in Table 5.1.  The trend 

toward higher inhibition corresponding to increased anti-BFDV 
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antibody levels was present, with an r2 value of 0.4529 (Figure 5.1), 

however, this was below the required value for a reliable diagnostic 

assay.  The mean PI for HI negative samples was 3.784 with a standard 

deviation of 6.434.  This allowed a cut-off PI of 16.652 for 95% 

confidence.  All samples with an HI titre of 0 had a PI that fell within 

two standard deviations of the mean for negative samples, 

unfortunately, many other samples with HI titres above 0 had PI values 

below the threshold.  This resulted in a sensitivity of 48.4% and a 

specificity of 100% (Table 5.2).  Interestingly, the samples measuring -

5.836 and 12.962 percent inhibition came from the same individual; the 

lower reading being taken prior to injection of recombinant Cap on day 

0, and the higher reading being taken on day 35, after the individual had 

been injected on two occasions with 7.3µg of recombinant Cap.  The 

highest percent of inhibition was 56.65 and seen in sample 6738050 on 

day 35, after it had been exposed to two 7.3 µg injections of 

recombinant Cap, and had an HI titre of 4.    
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Figure 5.1: The correlation of haemagglutination inhibition (HI) results to the percent 
inhibition (PI) of the blocking ELISA (bELISA) results.  The correlation coefficient for 
the results was an r2=0.4529.   
 
Table 5.1: The percent inhibition (PI) of blood samples taken from each galah during 
the injection experiment outlined in section 4.3.4.  The corresponding 
haemagglutination inhibition (HI titre) for each sample is indicated in brackets next to 
the PI.  HI results and dosages can also be found in Table 4.1.    

Galah ID 

code 

PI for day 0 sample 

(HI titre) 

PI for day 21 sample 

(HI titre) 

PI for day 35 sample 

(HI titre) 

682ECDC -0.543 (3) 46.622 (5) 52.21 (5) 

682F099 1.153 (0) 1.366 (1) 5.885 (1) 

682F7DD -2.702 (0) 11.503 (3) 14.091 (1) 

6737A3E 5.129 (0) 13.883 (1) 6.072 (2) 

682F711 4.028 (1) 6.547 (5) 17.454 (4) 

673059E 8.778 (4) 24.773 (5) 24.417 (4) 

6731F11 24.714 (3) 56.602 (5) 53.343 (6) 

682E8C9 3.982 (0) 13.388 (1) 3.92 (0) 

6673019C 7.528 (3) 54.458 (3) 52.252 (4) 

6781DB4 6.632 (2) 6.827 (3) 7.536 (2) 

673296B -5.836 (0) 11.664 (0) 12.962 (0) 

6738050 18.302 (2) 56.467 (3) 56.65 (4) 

682D419 10.73 (2) 47.896 (3) 41.696 (4) 
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Table 5.2: Results from the blocking ELISA (bELISA) and haemagglutination inhibition 
(HI) assays used to determine the sensitivity and specificity of the bELISA. 

 HI results 

bELISA results Positive Negative Total 

Positive 15 0 15 

Negative 16 8 24 

Total 31 8 39 

 

 

5.5 Discussion 

The need to move diagnostic antibody testing away from HI 

assays is founded in simplification of infrastructure and reliability.  All 

facets of designing an alternative assay were based around these 

considerations.  Using bacterial expression systems to produce antigen, 

as outlined in Chapter 2, requires less expertise and technical demand 

compared to baculovirus, and is much more efficient and ethically 

acceptable than purifying native virus.  Using recombinant protein also 

guarantees the identity of the antigen, allowing direct comparison of 

assay results without having to question the source or strain as may be 

required if using native virus.  Purification of the recombinant protein 

from E. coli-related proteins is another major step in preparation, 

however, the use of the MAb circumvents this process.  As shown in 

Chapter 2 the MAb only bound in wells containing E. coli lysate that 

expressed recombinant Cap demonstrating the specificity of the MAb 

for recombinant Cap with no cross-reactivity with E. coli-associated 

proteins.  Several concentrations of cell lysate used to coat bELISA 

plates were able to achieve similar absorbencies, however, using the 
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least amount of cell lysate required will improve efficiency and increase 

the amount of bELISAs able to be performed per cell culture, important 

factors for cost and possible commercial considerations.  

 Other ELISAs exist that are capable of detecting antibodies in 

individuals suspected to be exposed to or infected with circoviruses or 

other related viruses.  Diagnostic assays for DuCV, PiCV, PCV2, CAV, and 

TTSuV use indirect ELISAs (iELISA) to determine if specific antibodies 

are present for their respective antigen (Daum et al. 2009; Huang et al. 

2011b; Liu et al. 2004; Liu et al. 2010; Nawagitgul et al. 2002; Pallister 

et al. 1994; Perez-Martin et al. 2008; Shang et al. 2008; Todd et al. 

1990).  The antigens presented in these assays occur as purified 

cultured virus particles or recombinant proteins, in bacterial systems, 

insect cells or larvae, and many detect the incidence of host antibodies 

on a positive/negative basis with use of polyclonal antibodies selective 

for the host.  Although determination of pathogen-specific antibodies is 

important, the ability to quantify the amount of antibodies provides 

further insight into the disease process, or level of vaccination.  Use of 

polyclonal antibodies would not be suitable as well due to the large 

diversity of psittaciformes that require testing.  A number of samples 

from rare birds are analyzed regularly, and it would be difficult to 

eliminate the possibility of false negatives without using polyclonal 

antibodies specific to that species, a task that would require additional 

expense and time.  

  Blocking ELISAs capable of quantifying pathogen-specific 

antibodies have been validated for BFDV, PCV2, and CAV (Huang et al. 

2011a; Shearer et al. 2009a; Todd et al. 1999; Walker et al. 2000).  All of 
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these assays utilize MAbs raised against purified virus or recombinant 

protein, which should be specific for their specific pathogen, and not 

cross react with culture-related proteins.  The occurrence of all these 

validated bELISAs with MAbs using purified antigen may signal the 

issue with this current assay failing to attain reliability, however, use of 

cell lysate should not be a problem.  As discussed above, it was 

demonstrated that E. coli-related proteins did not cross-react with the 

MAb and did not cause significant increase in absorbance.  Also, an 

antigen-capture bELISA for detection of transmissible gastroenteritis 

virus and porcine respiratory coronavirus exists which uses cell lysate 

to provide antigen (Lopez et al. 2009).  This assay, however, uses a MAb 

coated plate to bind antigen present in the cell lysate; the two hour 

binding period without coating buffer, would also allow few non-

specific proteins to bind to the plate.  Nevertheless, the specificity of a 

MAb should eliminate the need to purify cell lysate.   

 Another factor affecting the reliability of this assay could be the 

solubility of recombinant Cap.  As seen in Chapter 3, the recombinant 

protein does not maintain solubility at room temperature.  The 

incubation time prior to addition of the sample sera is enough to allow 

the protein to become insoluble and possibly denature.  Although, as 

discussed in Chapter 3, this may not affect the binding of the MAb, 

which is suspected of binding a linear epitope, it may destroy the 

epitopes available to a significant amount of host antibodies.  If the 

protein were denatured, residues that create non-linear epitopes would 

no longer be in their native orientation, eliminating the epitope and 

losing affinity towards any antibodies.  Based on this hypothesis 
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individuals without exposure to the recombinant protein may face an 

even more substantial disadvantage because their immune cells may 

only be exposed to fully formed viruses, negating epitopes on the 

additional surfaces that are affiliated with binding other Cap proteins or 

the internal surface of the capsid.  As recombinant Cap is added to the 

ELISA plate as part of the cell lysate, its orientation on the plate only 

allows for a certain percentage of these proteins to expose epitopes 

appropriate for antibody binding.  Individuals injected with 

recombinant Cap would, theoretically, generate antibodies capable of 

attaching to any surface of recombinant Cap, and perhaps even 

preferentially produce antibodies that bind linear epitopes supposing 

that the immunization contains, at least, a proportion of denatured 

protein.  These individuals could have an advantage in the bELISA, as 

their anti-BFDV antibodies would be more likely to bind a greater 

number of recombinant Cap molecules and be able to block a greater 

number of MAbs.  In this case, the bELISA in this study would be best 

used to determine the effectiveness of vaccination rather than as a 

diagnostic assay, but an improvement in solubility could minimize 

these issues, making the assay suitable for diagnostic procedures. 

 The current assay may also suffer from an insufficient 

correlation coefficient because of the shortcomings of the HI assay.  The 

HI assay (Raidal et al. 1993; Ritchie et al. 1991) is the test currently 

used to determine anti-BFDV titres in all psittacine birds and the assay 

that all alternative testing methods must be compared.  The HI assay is 

vulnerable to the quality and quantity of the antigen, both of which may 

change from assay to assay, and the haemagglutinating ability of the 
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erythrocytes, which vary between species, as well as individuals of the 

same species (Sanada and Sanada 2000).  The haemagglutinating ability 

of an individual’s erythrocytes may also fluctuate over time.  It may also 

be said that the HI assay lacks sensitivity, as the dilutions of antigen are 

presented in a log scale.  This results in a broad range of graduations, 

only registering a positive result once a threshold of antibodies is 

present.  A validated bELISA would not suffer from such a problem 

because the accuracy of the standard curve would allow the sample 

sera’s antibody level to be pinpointed.  This incident has potentially 

occurred during this experiment, resulting in the skewing of the bELISA 

sensitivity.  As pointed out earlier, the HI assay registered a titre of 0 for 

all samples from galah 673296B.  The bELISA, however, indicated a PI 

of -5.836, 11.664, and 12.962 on day 0, 21, and 35, respectively.  The 

bELISA results reflect the hypothesized response from a bird receiving 

a low dose of recombinant Cap, whereas the HI results do not.  

Supposing the bELISA results were accurate, the cut-off for positive-

negative bELISA results would then be placed at a PI of 9.654.  This 

would improve the sensitivity of the bELISA from 48.4% to 66.7%.  

Nevertheless, the bELISA would still be insufficiently sensitive.    

 Ultimately, the convenience of the bELISA is not a replacement 

for accuracy and reliability.  Protocols to bring in new forms of 

diagnosing antibody levels should not be implemented hastily, but 

require rigorous validation to ensure an improvement or, at the very 

least, equality to the previous standard.  Improvements must be made 

on the assay outlined in this chapter before it can be validated.  This 

would include increasing the solubility of the recombinant protein to 



Chapter 5: Use of E. coli cell lysate in a bELISA 

136 
 

encourage all antigens to remain intact and available for binding sera 

antibodies, and testing additional samples, including diagnostic samples 

of individuals not previously exposed to recombinant Cap and 

additional HI negative samples to reduce errors on the cut-off value.



 

 
 

Chapter 6. General Discussion 

 To date, a relatively small amount of research has been 

conducted on BFDV.  Early research detailed the disease process and 

involved review of clinical samples.  Since these initial studies, and 

coinciding with improvements on molecular biology technology, has 

come the focus on genetically characterizing the virus.  A large portion 

of the currently published papers on BFDV report the genetic variation 

seen among genes and the entire genome, as well as observing trends in 

sequences isolated from different geographic locations or different 

species (Albertyn et al. 2004; Bassami et al. 2001; Heath et al. 2004; 

Kondiah et al. 2006; Kundu et al. 2012; Raue et al. 2004; Ritchie et al. 

2003; Shearer et al. 2008a).  This information is important to note the 

origin, and even hypothesize the success of the viral strain, or the 

prognosis of infected individuals (Kundu et al. 2012).  Although a great 

amount of variation is known to exist in BFDV genomes and translated 

into amino acid mutations, no difference in antigenicity has been found 

(Khalesi et al. 2005; Ritchie et al. 1990; Shearer et al. 2008a).   

 The result from the Western blot in section 2.4.3 is the first 

evidence of antigenic differences between isolates of BFDV.  Antigen 

variation has been speculated previously (Shearer 2008), and with 

well-formed arguments, and antigenic variation has already been 

established in PCV2, being determined with the use of MAbs (Lefebvre 

et al. 2008).  As mentioned earlier, the high mutation rate in BFDV, and 

circoviruses in general, brings, in itself, a high likelihood of antigenic 
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changes (Nei 2007).  Members of Circoviridae are also known to 

undergo recombination, increasing the chances of rapid genetic 

changes (Biagini et al. 2001; He et al. 2007; Heath et al. 2004; Ma et al. 

2007; Olvera et al. 2007; Worobey 2000).  Finally, recent studies have 

observed natural selection impacting variation of genes in BFDV and 

other circoviruses (Hughes and Piontkivska 2008; Kundu et al. 2012).  

Additionally, the large amount of virus particles being shed by an 

infected individual (Khalesi et al. 2005) may heighten the probability of 

genetic mutations occurring.  With so many viral genomes being 

replicated to ensure the survival of the virus, proofreading mechanisms 

of the host cell would certainly fall short of guaranteeing identical 

sequences, leading to random mutations.   

 The BFDV MAb, 3F8-1, could not recognize recombinant OBP 

Cap (as demonstrated in Chapter 2 and discussed in Chapter 3).  This 

shows that the epitope for 3F8-1 binding is presented differently on 

OBP Cap.  The cause for antigenic variation could be due to the origin of 

the OBP Cap sequence.  Analysis from DNA and amino acid BLAST 

(NCBI) searches revealed that sequences isolated from the OBP BFDV 

isolate were most closely related to isolates of African origin (Raidal et 

al. 2010).  This suggests that the OBP population was infected from a 

non-native source.  Meanwhile, the MAb was produced against an 

Australian BFDV Cap protein (Shearer et al. 2008b; Stewart et al. 2007).  

Noting that recombinant proteins designed from BFDV isolates with 

differing geographical and species origins have opposing responses to 

MAb 3F8-1, it would be beneficial to evaluate the compatibility of the 
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MAb with BFDV isolates or recombinant proteins from a wider range of 

locations or species.    

 Determination of the compatibility of MAb 3F8-1 with BFDV 

isolates may narrow the epitope more than the hypothesized region 

suggested in Chapter 3.  An experiment to elucidate the epitope would 

be to mutate the hypothesized regions on OBP-isolated BFDV Cap to 

correspond to those on the corella-isolated BFDV Cap to determine the 

recognition site.  The development of additional MAbs would also 

benefit from this type of study.  Common epitopes could be selected for 

to establish a MAb capable of detecting the most widespread, locally 

relevant, or even most virulent strains of the virus.  Knowing this 

information would also maximize vaccine development efforts by 

investing in recombinant protein vaccines that provide immunity 

towards the most relevant BFDV strain.  In the case of the OBPs, a 

vaccine could be specialized to their particular strain, noting that their 

current existence in a captive breeding program renders them most 

vulnerable to the African isolate, rather than their native Australian 

isolate.  Once the African strain has been eradicated in the population, 

the vaccine may be switched to a protein from an Australian isolate, 

protecting against BFDV strains more prevalent in their native habitat.  

Unfortunately, as shown in Chapter 2, a major hurdle in protein 

expression of OBP-isolated BFDV Cap is insolubility.  This issue could be 

remedied with two possible solutions.  Either further cleavage of the 

protein to exclude residues to those more conducive of high solubility.  

In either case, the majority of important and unique epitopes may still 

be preserved.   
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 Recent research on proteins of circoviruses has uncovered a 

remarkably important piece of information: the structure of PCV2 Cap.  

Knowledge of the structure allows several related viruses to have their 

Cap proteins modeled based on PCV2 Cap, as seen in Chapter 3.  Since 

the structures of these Cap proteins can already be modeled and, for the 

most part, look very similar, the question must be raised: is it necessary 

to directly solve the structure of individual circovirus Cap proteins?  

The ultimate answer to this question is, yes.  Although the structure is 

invaluable and offers an overflow of information to extend to many 

members of the viral family, the data garnered brings up just as many 

questions as it has answered about the protein.  Among the gaps in the 

subject matter are the binding sites and their substrates.  As mentioned 

earlier in Chapter 1 these include the host cell surface receptors, 

nuclear transport proteins, viral Rep, and DNA.  Obvious differences in 

surface antigens seen in the range of circovirus Cap models generated 

in Chapter 3 are another pressing question and likely hold the key to 

evasion of their specific host species’ immune system and even 

attachment to differing cell receptors, depending on the selection 

available in their host.    

 Data from the surface structure of PCV2 capsid has now turned 

from a specific binding motif for heparin sulphate to a positive cleft, 

formed by the interfaces of multiple Caps (Khayat et al. 2011).  This 

infers a non-specific interaction between viral capsid and host cell 

surface.  Early evidence of a reaction between charged groups was 

presented by Raidal and Cross (1994), who showed that 

haemagglutination was inhibited at pH levels higher than 9.  At this pH 



Chapter 6: General discussion 

141 
 

many of the positive charges possessed by the amino acids would 

become neutral, thus, leaving no charge for binding the cell surface.  

The relationship is much more complex than non-specific, charge-

mediated binding, however, as was summarized in the experiments of 

Misinzo et al. (2006), who found that PCV2 did not bind to chondroitin 

sulphate A or keratin sulphate, and can even be seen in the negative 

control of the experiment performed in section 4.4.2, attempting to 

bind recombinant Cap to pigeon erythrocytes.  (The same cannot be 

said of the negative control using chicken erythrocytes during the HA 

with recombinant Cap because there is no direct evidence that 

recombinant Cap is not binding the erythrocyte, only that recombinant 

Cap is not causing haemagglutination.)  Although the experiment 

showing that a recombinant Cap protein from a virus isolated from a 

corella can attach to an erythrocyte of a galah but not that of a pigeon is 

not as defined as attempting to bind specific surface receptors, a 

connection can clearly be seen that requires more than a positive cleft 

binding to a negatively charged receptor.  If a positive surface on the 

virus or recombinant Cap were all that were necessary to bind a galah 

erythrocyte, then it would be expected that the virus and recombinant 

Cap would find several suitable receptors to bind on the pigeon 

erythrocyte as well.  Another interesting interaction regarding the cell 

surface is haemagglutination.   

As seen in Chapter 4, the ability of the virus to bind erythrocytes 

is not affected by the erythrocytes ability to haemagglutinate, however, 

the red blood cells require BFDV or recombinant Cap to 

haemagglutinate.  Susceptibility to the virus must also not be the 
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limiting factor in haemagglutination.  Several studies have evaluated 

the different erythrocyte sources, including species susceptible and not 

susceptible to the BFDV infection (Raidal and Cross 1994; Ritchie et al. 

1991; Sanada and Sanada 2000; Sexton et al. 1994).  No explanations 

were given regarding the results of these studies to indicate a 

mechanism for haemagglutination or its reference to susceptibility 

toward the pathogen.  A brief hypothesis for haemagglutination was 

offered in Chapter 4, stating that type B galah erythrocytes may 

internalize the virus quicker than type A erythrocytes, removing the 

virus from the surface, and preventing agglutination.  This reason 

would infer some characteristics upon the host cell: 1) that the host cell 

receptor is a variant that allows tighter bonding to the virus, or 2) that 

the virus is attaching to a completely different receptor on the host cell, 

which facilitates rapid entry.  The first characteristic, regarding higher 

affinity to the virus, is suggested because of the view by Nauwynck et al. 

(2012) that low-affinity of PCV2 to its host cell receptors causes 

inefficient, slow internalization.  The second characteristic is also 

alluded to in the review by Nauwynck et al. (2012), which states that 

successful viruses typically associate themselves with fast 

internalization pathways.  Furthermore, little is known about BFDV 

interaction and replication in erythrocytes, and routes of entry for PCV2 

are known to be host cell type-dependent (Nauwynck et al. 2012).  In 

this case, a completely different mode of entry may be used in 

erythrocytes compared to those already characterized, although this 

scenario suggests that the internalization pathway is not present in the 

erythrocytes of all individuals of the same species because of the 
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differing haemagglutination responses, and is, therefore, unlikely.  If the 

second characteristic were proven, it may still be influenced by the first 

characteristic, as well.  Overall, the mechanism underlying 

haemagglutination and its relationship to internalization and possibly 

sequential infection is poorly understood and requires further 

experimentation. 

While there is interest in the mechanism of BFDV internalization 

in all host tissues capable of this interaction, erythrocytes may not be 

an ideal model for continued research on the entry of BFDV into host 

cells.  Erythrocytes are also convenient to use because they are plentiful, 

renewable, can be removed from a test subject without harm, and can 

easily be suspended, however, they may not be key for infection.  The 

BFDV replication sites previously reported include the skin, liver, 

gastrointestinal tract and bursa of Fabricius (Raidal and Cross 1994; 

Wylie and Pass 1987).  The virus can also be found in the spleen, 

thyroid, parathyroid and bone marrow (Latimer et al. 1990).  

Erythrocytes are not identified as a site of predilection, although the 

presence of BFDV in the spleen may be a result of the spleen’s function 

to filter and store erythrocytes, which may be carrying the virus (Asher 

et al. 2005).  This could also satisfy the statement of BFDV being found 

in the spleen, but not necessarily replicated within the tissue.  BFDV is 

known to be present in whole blood, as it is regularly used as a sample 

source for diagnostic PCR (Bonne et al. 2008; Khalesi et al. 2005; 

Shearer et al. 2009b; Ypelaar et al. 1999).  The presence of BFDV in the 

spleen and whole blood could also be a consequence of monocyte 

infection.  Use of this cell type may offer more parallels to previous 
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research, for which cell attachment and internalization is known to 

occur for PCV2 (Misinzo et al. 2005).  Epithelial cells also offer a cell 

type suitable for research because of their capability to replicate the 

virus and previous research output for PCV2 (Misinzo et al. 2009).  

Optimally, the cell receptors required for attachment would be 

elucidated, and recombinantly co-expressed with BFDV Cap with the 

purpose of crystallization to determine the area of the protein 

responsible for binding and the residues important for the interaction.  

This would also show if the NLS is used for an interaction, providing 

proof to the hypothesis from Khayat et al. (2011) that the NLS may 

externalize via viral breathing.   

Once inside the host cell the virus must disassemble and 

transport the viral genome into the nucleus.  To do this, BFDV Cap must 

simultaneously bind the viral DNA and a nuclear transport protein.  

Alternative methods of gaining access to the nucleus exist, such as 

passing the genome through the nuclear pore complex, or entering 

during mitosis (Corbett and Silver 1997; Whittaker and Helenius 1998), 

however, the large NLS on the N-terminus of circovirus Caps is likely to 

have a high affinity to a nuclear importin protein and the structure of 

the Cap NLS peptide bound to mImpα∆IBB was shown in section 3.4.5.  

On BFDV Cap, three consecutive, partially overlapping NLS sequences 

have been identified (Heath et al. 2006), which are usually capable of 

binding DNA as well (Cokol et al. 2000).  Binding assays, even simply as 

ELISAs or binding substrates on chromatography columns should 

continue to be performed to show if specificity to a nuclear importin is 

required for nuclear localization, followed by simultaneous binding of 
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DNA and the nuclear importin protein to BFDV Cap.  Additionally, more 

complex assays, such as yeast two-hybrid screening could be performed 

in lieu of a cell culture system for BFDV to determine binding 

interactions, or viral protein-DNA interactions.  Protein crystallization 

leading to structural determination of these molecules, both separately 

and simultaneously, would provide excellent data and contribute 

immensely to further understanding the mechanisms of Cap.  

Generating this data would immediately show the residues necessary 

for binding nuclear importins and additional experiments could reveal 

mutations detrimental to protein function or targets for treatment. 

Crystallization of BFDV Cap, and expression of full-length BFDV 

Cap in E. coli have proven to be obstacles to overcome in order to 

proceed with experimentation (discussed in Chapter 3)(Johne et al. 

2004).  Alternative options are available to attempt to gain knowledge 

of BFDV Cap binding characteristics.  As mentioned in Chapter 2, 

different isolates of BFDV Cap possess different solubility potential, so 

additional isolates could be attempted to be expressed and purified.  

Purified full-length Cap would then be difficult to crystallize because of 

its large, positively-charged NLS, which appears to extend away from 

the body of the protein (Figure 3.2).  Incubation with compatible 

nuclear importin proteins or DNA may stabilize the portion of the 

protein and facilitate crystallization of the full-length BFDV Cap in 

complex.  Another option, as seen in Chapter 3, would be to produce the 

NLS portion of BFDV Cap separately, and use that along to determine 

the binding regions when mixed with nuclear importins.  It was shown 

in section 3.4.5 that a peptide representative of BFDV Cap NLS1 and 
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NLS2 (as numbered by Heath et al. 2006) binds as a monopartite signal 

to the major site of the mImpα∆IBB with residues in the NLS1 region.  

Experiments should also be performed to include the NLS3 region, and 

in different combinations, in an attempt to improve binding capacity 

and possibly observe a bipartite binding confirmation.  Although 

binding such small peptides does not give the full picture BFDV Cap-

nuclear importin interaction, it will be able to deduce the specific 

residues of affinity on the importin molecule.    

Binding of BFDV Cap and BFDV Rep is another important 

interaction.  The lack of an NLS on BFDV Rep required it to bind to 

BFDV Cap for nuclear localization (Heath et al. 2006).  Inhibiting this 

reaction would result in a great reduction in replication of the virus.  

Optimally crystallization of the complex would be successful to show 

the binding regions, and raise the possibility of using competitive 

inhibitors to block interaction and halt the disease.  Since the specific 

area of Cap-Rep binding is not characterized on either protein, the 

starting point for this research could be much more rudimentary.  

Fragments of the proteins could each be expressed, and tested in 

binding assays, followed by mutations to determine the exact sequence 

necessary to facilitate the interaction.     

Another hindrance to BFDV research has been the lack of cell 

culture technique to cultivate the virus.  To date, virus has only been 

able to be extracted from infected animals, with efforts to find a suitable 

in vitro cell line for culture so far being unsuccessful.  A possibility to 

remedy this problem would be to attempt to produce whole virus by 

using viral components to infect a cell.  Incubation and subsequent 
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uptake of an infective clone of the viral genome and a viable 

recombinant Cap may be enough to initiate replication of the virus.  

This would sidestep the requirement of the cell to uncoat and 

disassemble the virus, a process that has been shown to be inhibited in 

some cell lines (Vincent et al. 2003).  The addition of a functional 

recombinant Rep may also improve cell culture of BFDV, possibly 

immediately speeding up the replication of the virus.     

Psittacine beak and feather disease has an extensive range 

affecting many native and endangered Australian birds, bringing 

urgency to the need for preventative measures.  This has been outlined 

in the Threat Abatement Plan (Department of the Environment and 

Heritage 2005).  The need for vaccine development or therapeutics, 

which prevent attachment or entry to host cells, or viral replication, 

possibly through the inhibition of viral protein interaction, are needed.  

Continuing to focus on genetics has its purpose for further 

characterization of the genome, however, future treatment options rely 

on the advancement of understanding the protein biochemistry and 

functionality in BFDV.  The large sum of mutations at the DNA level 

translate into fewer mutations and less variation in the amino acid 

sequence, but do not change the function of the protein as a whole.  

Additional research on proteins of BFDV would increase the focus on 

particular functionality and could result in vast improvements on the 

knowledge of host interaction and treatment options. 
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ABSTRACT 

Circoviridae represent a growing family of small animal viruses. Some of these viruses have veterinary and medical 
importance, although, a vast amount of these newly discovered viruses have unknown effects on their hosts. The cap-
sid-associated protein (Cap) of circoviruses is of interest because of its role in viral structure, immune evasion, host cell 
entry, and nuclear shuttling of viral components. The structure of the porcine circovirus 2 (PCV2) Cap has been solved 
and offered insight to these functions. Based on the crystallographic PCV2 Cap structure, models from circoviruses 
isolated from avian, fish, and mammalian hosts have been constructed and analyzed to better understand the roles of 
these proteins in the virus family. A high degree of conservation is observed in the models, however, the surface anti-
gens differ among viruses. This is likely a reflection of the small genome harbored by circoviruses, and therefore the 
requirement of their few proteins to carry out specific vital functions, while maintaining enough variation to success-
fully infect their hosts. Here we describe the putative structures of a range of Cap proteins from circoviruses based on 
the crystallographic determination of porcine Cap, identifying key regions for function and inhibition of crystal forma-
tion. 
 
Keywords: Circovirus; Capsid-Associated Protein; Structure Homology; Cap; Modelling 

1. Introduction 

Members of the family Circoviridae all have small, cir-
cular, single-stranded DNA (ssDNA) genomes, sur-
rounded by small, nonenveloped, icosahedral capsids [1]. 
Three genera and a recently proposed fourth genus exist 
in the Circoviridae family. The genus Circovirus offi- 
cially contains porcine circovirus 1 (PCV1) and 2 (PCV2), 
beak and feather disease virus (BFDV), goose circovirus 
(GoCV), canary circovirus (CaCV), and columbid cir- 
covirus (CoCV) [2]. Although not officially classified, 
many circovirus-like viruses are known to infect several 
other avian species, barbell, catfish, bat, and dog [3-11]. 
New viral discoveries have led to a recently proposed 
fourth genus, Cyclovirus, which is closely related to Cir- 
covirus and is represented by small circular viruses iso- 
lated from feces of mammals, including chimpanzees, 
humans, and bats [10,12]. Some of these viruses have 
been known to have pathological effects on their host, 
while others have not been connected with any disease. 

As few proteins are encoded in the viral genomes, 
these viruses are a model of efficiency and must use host  
cell machinery to replicate [13]. Two major proteins are 

characterized in circoviruses and circovirus-like viruses; 
these are the replication-associated protein (Rep), which 
is involved in the replication of the virus, and the cap-
sid-associated protein (Cap), which is the structural 
component of the viral capsid. Cap is the main antigenic 
protein of circoviruses because the protein uses repeated 
subunits to compose the entire capsid structure of the 
virus. In PCV and BFDV, 60 repeating Cap subunits are 
used to make up the capsid [1]. 

The Cap sequence is highly variable, likely an impor-
tant aspect to evasion of the host immune system. Amino 
acid identities in the Cap sequence of BFDV range from 
73% - 99% [14,15]. The Cap protein is a single domain 
protein, but has several features that pertain to its func-
tions. The N-terminus of the protein is positively charged 
and may contain several conspicuous nuclear localizing 
signals (NLS). A second significant function of Cap is its 
ability to bind DNA [16]. Affinity of Cap to DNA is a 
vital function because this interaction allows the viral 
genome to gain access to the host cell nucleus. Rep- 
binding capability may also be an important role for Cap. 
This interaction is specifically interesting because of dis-
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crepancies between circoviruses. Rep proteins of PCV 
possess NLSs and can enter the nucleus without Cap [17], 
however, in BFDV, Rep must bind to Cap for nuclear 
transport [16]. 

In 2011 [18] the crystal structure of PCV2 Cap was 
determined. To crystallize PCV2 Cap, 40 amino acids 
were omitted from the N-terminal, which contains the 
NLS, however, the structure placed the NLS inside the 
capsid [18]. The structural data provided important in-
formation with respect to the antigenic characteristics of 
this virus, where predictions about PCV epitopes had 
either been on the internalized surface and, therefore, not 
immunogenically relevant or were composed of consecu-
tive amino acids [19,20]. The structure of Cap has illu-
minated epitopes for monoclonal antibody (MAb) bind-
ing and has been useful to compare variation in binding 
of MAbs to PCV2 and PCV1. Small mutations, some-
times involving only a single amino acid substitution, 
were attributed to specific differences in MAb binding 
between the two porcine viruses [18]. This highlights the 
selective pressure to employ mutations as a means to 
elude the host immune system, and can be related to the 
publication from Kundu et al. [21], showing that viruses 
infecting the same population may have diverse biologi-
cal fitness due to genetic mutations that translate into 
slight amino acid variation. Specifically, Cap must suc-
cessfully evade the host immune system, attach to a sur-
face receptor on a cell that is appropriate for infection, 
bind to its own genome (and viral proteins) for localiza-
tion into the nucleus where replication can occur, all 
while undergoing additional mutations, which select for 
optimal antigenicity and must not diminish critical func-
tion. These characteristics lead to the hypothesis that al-
though variation among circoviruses and related viruses 
must be sufficiently different to infect their respective 
hosts and escape immune detection, they must have the 
same underlying structures, which allow them to carry 
out a core and critical set of functions. 

Similarities between the amino acid sequences of cir-
covirus Cap proteins and the solved PCV2 Cap also al-
low for models to be constructed. The differences among 
strains and between viruses may have different effects 
when comparing their structural attributes. The rapidly 
growing number of circoviruses and circovirus-like vi-
ruses being discovered in a diverse range of hosts begs 
the question of their structural relatedness [22]. Con-
served regions among these viruses would be helpful for 
development of diagnostic and treatment strategies, and 
the recognition of new viral discoveries. Models for cir-
coviruses infecting a variety of hosts were analyzed 
based on the structural data from PCV2 Cap. It was ob-
served that changes in Cap sequences among the ana-
lyzed circovirus isolates do not translate into major 
structural differences of the proteins, and likely, no major 

structural changes in the viral capsid, however, key dif-
ferences were observed in antigenic regions and are dis-
cussed within. 

2. Materials and Methods 

2.1. Modelling of Circovirus Capsid-Associated  
Proteins 

The structure of PCV2 Cap monomer and viral capsid 
were retrieved from the RCSB Protein Data Bank (PDB 
ID: 3R0R). The recombinant PCV2 Cap protein that was 
crystallized did not contain the NLS; rather it lacked the 
first 40 N-terminal residues, and contained 193 PCV2 
Cap residues [18]. Several circovirus Cap sequences 
from a range of hosts were retrieved from the National 
Center for Biotechnology Information (NCBI, U.S. Na-
tional Library for Medicine). These sequences are out-
lined in Table 1. Models were created using SWISS- 
MODEL (Swiss Institute of Bioinformatics) [23] and view- 
ed with The PyMOL Molecular Graphics System, Version 
1.3 (Schrodinger, LLC.). Alignment of the circovirus Cap 
sequences was performed with Clustal W2 (EMBL-EBI) 
[24]. A phylogenetic tree was made using MAFFT (CBRC) 
[25] and viewed using Archaeopteryx (phylosoft) [26]. 

3. Results 

3.1. Molecular Replacement Models of  
Circovirus Caps and Using PCV2 Capsid  
Structure 

The Cap sequences of related circoviruses varied in length 
from 214 to 273 amino acids, and shared between 23% - 
32% identity and 35% - 46% similarity with the PCV2 
Cap sequence (Table 1). The canine circovirus (CaCV-1), 
the most recent circovirus sequence to be discovered, is 
the least similar to PCV2 Cap, a strange diversity when 
considering the mammalian hosts of PCV2 and CaCV-1. 
The barbel (BaCV) and duck circovirus (DuCV) Cap 
sequences share the closest similarity to PCV2 Cap. In-
terestingly, the two circovirus sequences isolated from 
fish inhabit the opposite ends of the spectrum; the Silurus 
glanis circovirus (CfCV) being marginally more similar 
to PCV2 than CaCV-1. The isolates from mammalian 
hosts, CaCV-1 and Chimpanzee Stool avian-like circovi-
rus-chimp17 (CsaCV-chimp17), also have major differ-
ences, although the CsaCV-chimp17 sequence has been 
likened to the raven circovirus (RaCV) so it is not sur-
prising that its similarity to PCV2 fits appropriately with 
other avian isolates. All avian circoviruses compared in 
this study have over 40% similarity with PCV2 Cap. 

The internal jelly roll structure described in PCV2 
Cap is conserved among all models constructed of re-
lated circoviruses (Figure 1). This jelly roll is formed 
by seven to eight -sheets, depending on the model. 
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Although some surface characteristics are altered in 
each data set, there are still several -sheets making up 
the core of all the selected viral Caps. All N-termini 

appear to be facing internally, and therefore, the NLS 
portions of all Cap structures likely remain inside the 
viral capsid. 

 
Table 1. Summary of the Circoviruses viewed and modelled, sources of virus extraction, Cap amino acid sequence length, and 
amino acid identity and similarity to PCV2 Cap. 

Virus Source 
Protein sequence 

length 
Identity with 
PCV2 (%) 

Similarity with 
PCV2 (%) 

Accession number Reference 

DuCV Pekin duck 257 30 46 AAZ07884.1 [41] 

CoCV 
Pigeon 
(Columbia livia) 

273 28 42 AAF74197.1 [37] 

BaCV Barbel (Barbus barbus) 214 32 45 AEB60991.1 [8] 

BFDV 
Red-fronted parakeet  
(Cyanoramphus novaezelandiae) 

244 28 43 ADE44291.1 [42] 

GuCV 
Herring gull 
(Larus argentatus) 

245 32 41 ABI54255.1 [43] 

RaCV 
Australian raven  
(Corvus coronoides) 

243 26 43 ABA53823.1 [5] 

CfCV European catfish (Silurus glanis) 227 26 37 AEW70741.1 [9] 

CsaCV- 
chimp17 

Chimpanzee feces 232 30 42 ADD62466.1 [12] 

CaCV-1 Dog 270 23 35 AFK82576.1 [11] 

DuCV Duck circovirus; CoCV Columbid circovirus; BaCV Barbel circovirus; BFDV Beak and feather disease virus; GuCV Gull circovirus; RaCV Raven 
circovirus; CfCV Silurus glanis circovirus; CsaCV-chimp17 Chimpanzee Stool avian-like circovirus-chimp17; CaCV-1 Canine circovirus. 

 

 

Figure 1. Unrooted phylogenetic tree showing the relationship between the amino acid sequences of the analyzed circovirus 
Caps. The accession numbers for each sequence are: CoCV AAF74197.1, Chimpanzee Stool avail-like circovirus-chimp17 
(referred to as CsaCV in the figure) ADD62466.1, GuCV ABI54255.1, RaCV ABA53823.1, BFDV ADE44291.1, PCV2 3ROR 
(PDB ID number), DuCV AAZ07884.1, BaCV AEB60991.1, CfCV AEW70741.1, and canine circovirus (referred to as CaCV 
in the figure) AFK82576.1. 
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3.2. Beak and Feather Disease Virus 

A full-length BFDV Cap sequence isolated from a red- 
fronted parakeet (Cyanoramphus novaezelandiae) was su-
perimposed on the PCV2 Cap structure to view the puta-
tive positioning of the NLS in the virus. The model of the 
full-length BFDV Cap structure contained one α-helix, 
and eight β-sheets. Of the four epitopes, B and C showed 
very little change in external positioning. Epitope A 
shows differences as the PCV2 Cap structure has a small 
β-sheet while the putative full-length BFDV Cap has 
another turn on its strand. Epitope E shows major changes 
with many additional amino acids prior to the PCV2 Cap 
epitope causing the strand to protrude. The NLS was 
expected to extend into the inside of the viral capsid 
(Figure 2). 

3.3. Duck Circovirus 

The DuCV Cap model has few deviations from the PCV2 
Cap structure, with even less structural variability on the 
external surface (Figure 3). The model contains two - 
helices and eight -sheets. In the region homologous to 
PCV2 Cap residues between surface epitopes A and B 
the most striking difference appears. Several additional 
residues on the DuCV Cap sequence are organized into a 
-helix. This landmark protrudes from the structure, how-
ever, it corresponds to the internal surface of the capsid, 
negating its antigenic relevance. Other differences attain 
similarities from the BFDV Cap model. These include 
the lack of a -sheet corresponding to the latter portion 
of epitope A on PCV2 Cap, and a more modest protrusion 
prior to epitope E, consisting of seven additional residues, 
rather than the 13 seen in the BFDV Cap sequence. The 
DuCV Cap is the only avian-related virus among those 
analyzed to not contain a significant portion of sequential 
identical residues in epitope E. A pore, due to a tunnel in 
the DuCV Cap protein, would extend from the external 
surface to the internal surface of the viral capsid. 

3.4. Columbid Circovirus 

The CoCV Cap model displays structures similar to an 
average compromise between PCV2 Cap and BFDV Cap. 
The similarity to PCV2 Cap leaves very little of the 
CoCV Cap to extend beyond the surface of the porcine 
virus structure. Not surprisingly, the differences are the 
most pronounced prior to the region homologous to epi-
tope E. Here, the additional residues are split into two 
protrusions, with the median portion returning to similar-
ity with the PCV2 Cap structure. Three sequences which 
contain several consecutive amino acids that are present 
in most of the avian-related circoviruses in this study are 
present in this area, WIPL183-186, which is part of the me 
dian portion that rejoins the PCV2 Cap strand’s trajec-
tory, and HYGLAFS200-206 and PQP210-212, which are 

 

Figure 2. Cross-section of viral capsid of PCV2 composed of 
60 units of PCV2 Cap (green). Full-length BFDV Cap is 
overlain one of the PCV2 Cap molecules to view the posi-
tion of the NLS inside the viral capsid. The NLS extends 
well into the capsid cavity, likely interacting with the viral 
genome. 

 

 

Figure 3. PCV2 Cap (green and cyan) overlain with DuCV 
(red). The cyan portions on the PCV2 Cap indicate amino 
acids presumed to be epitopes on the external capsid sur-
face for MAb binding and are labelled A, B, C, and E ac-
cording to Khayat et al. [18]. The protrusion on DuCV that 
includes residues prior to epitope E has been labeled 
pre-E-DuCV, and appears on the surface of the protein. 
The DuCV Cap sequence shares the highest amount of 
similarity to the PCV2 Cap sequence. The jelly roll struc-
ture and several other features remain conserved. 

 
within epitope E. Interestingly, the WIPL sequence in the 
other models remains as part of the protrusion, not fol-
lowing the PCV2 Cap structure. The -sheet correspond-
ing to epitope A is also not present in CoCV Cap, along 
with other minor -sheets seen in PCV2 Cap. CoCV Cap 
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has a total of two -helices and eight -sheets. The model 
shows some small transprotein tunnels, although it is not 
clear whether these would allow the passage of particles 
into and out of the viral capsid. 

3.5. Barbel Circovirus 

The small sequence length of the BaCV Cap leaves little 
extraneous residues to form protruding or additional stru- 
ctures beyond that seen in the PCV2 Cap. The -helix 
appearing at the N-terminal of the PCV2 Cap structure is 
maintained in the BaCV Cap model, however, no other 
-helices are present. Eight -sheets are seen in the 
BaCV Cap model. The region corresponding to epitope 
A shows neither -helix nor -sheet. The most prominent 
protrusion from BaCV Cap appears to occur on the in-
ternal surface of the viral capsid, which takes place of 
another -helix, although a divergence is also present in 
the region corresponding to epitopes B and C due to the 
inclusion of additional residues. Several tunnels exist in 
the protein, at least one of which would create a pore 
through to the internal environment of the capsid struc-
ture. 

3.6. Gull Circovirus 

A set of eight -sheets make up the core of the gull cir-
covirus (GuCV) Cap model. The single -helix present 
in the model is an extension of an existing, shorter, 
-helix from PCV2 Cap. This -helix appears on the 
lateral surface of the protein, and would interact with an 
adjoining Cap protein in the viral capsid. Not surpris-
ingly, the portion of GuCV Cap prior to epitope E from 
PCV2 Cap contains additional residues, causing a minor 
protrusion. The region within epitope E also contains a 
sequence which matches with several avain circoviruses 
analyzed, HYGLAFS180-186. The GuCV Cap contains tran-
sprotein tunnels, creating pores that would extend from 
the external surface to the internal surface of the viral cap-
sid. 

3.7. Raven Circovirus 

The RaCV shares some striking similarities to the BFDV 
Cap structures and sequences. The model contains a 
-helix and eight -sheets. The surface structure ho-
mologous to epitope E from PCV2 Cap includes a pre-
ceding protrusion consisting of 17 additional residues. 
This protrusion possesses the WIPL185-188 sequence seen 
at the beginning of the additional region, and the VKHY-
GLA203-209 and PQP213-215 sequences in epitope E, both 
sequences that are identical or similar to the regions from 
the BFDV Cap sequence. The region homologous to epi-
tope A also lacks the -helix and -sheet. The protein 
has pores, although these may not extend from the exter-
nal to the internal surface of the viral capsid. 

3.8. Silurus Glanis Circovirus 

The CfCV Cap sequence, like the BaCV Cap sequence, 
is much shorter than PCV2 Cap at 227 amino acids. This 
allows the PCV2 Cap model to extend beyond the bor-
ders of the CfCV Cap model in several places. The first 
turn in the PCV2 Cap model extends for 12 residues longer 
than the CfCV Cap, immediately prior to epitope A. CfCV 
Cap contains two -helices that lie adjacent to each other, 
one in epitope A and the other prior to epitope E, and 
seven -sheets. The -helix prior to epitope E is located 
on the surface and creates a small protrusion in the same 
position as the protrusions seen in the other models. 

3.9. Chimpanzee Stool Avian-Like  
Circovirus-Chimp17 

Although the CsaCV-chimp17 virus was isolated from a 
mammalian host and contains the closest amount of re- 
sidues to the full-length PCV2 Cap sequence, its name 
asserts its likeness to the avian circoviruses. The relation 
to avian circoviruses is evident in the structure and se-
quence of the model. The overall structure maintains a 
shape consistent with the avian virus models, however, it 
is the only model not to contain a -helix. The CsaCV- 
chimp17 Cap model contains eight -sheets, like the avian 
Cap models, and has a large protrusion prior to epitope E. 
The protrusion begins with the WIPL149-152 sequence seen 
in the BFDV, CoCV and RaCV Caps, as well as the se-
quence HYGLAFS166-172 as part of epitope E, which is 
seen in CoCV Cap, GuCV Cap and the BFDV Cap se-
quences that were analyzed. 

3.10. Canine Circovirus 

The CaCV-1 Cap is the least alike in sequence identity 
and similarity to PCV2 Cap; this is evident in the struc-
ture as well (Figure 4). The model includes one α-helix 
and seven β-sheets. Several stretches of non-homologous 
residues in CaCV-1 Cap result in additional features. The 
most conspicuous feature is a very large protrusion that 
extends from the external surface following the portion 
of the protein homologous with epitope C. This protru-
sion extends for 26 amino acids. Other protrusions from 
CaCV-1 Cap occur also occur on the external surface or 
on interfaces, which would articulate with other Cap pro- 
teins to form the viral capsid. No additional protrusions 
are present on the internal capsid surface. The model 
predicts the viral capsid structure to be porous, with mul-
tiple tunnels extending through the protein, which would 
reach from the external surface to the internal surface of 
the viral capsid. 

4. Discussion 

Models were made and evaluated for eight related cir-  
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Figure 4. PCV2 Cap (green and cyan) overlain with 
CaCV-1 Cap model (pink). The CaCV-1 Cap model has the 
most discrepancies with PCV2 Cap. The regions pertaining 
to epitopes B and E from PCV2 Cap are labeled B-CaCV-1 
and E-CaCV-1, respectively on the CaCV-1 Cap model. A 
large protrusion on the surface of CaCV-1 can also be seen 
on the post-epitope C region and is labeled pC-CaCV-1. The 
internal jelly roll structure, however, remains conserved. 

coviruses, four from avian hosts, two from fishes, and 
two isolated from mammalian hosts. The structures for 
the models, along with sequence similarities show the 
relatedness of the avian circoviruses. Classifications be-
tween the other viruses, however, do not necessarily fol-
low the same lines as their hosts. The publications re-
porting the viruses from non-avian hosts provide insight 
to the differences seen in these isolates. The discovery of 
BaCV and CfCV resulted in a new group of fish circovi-
ruses, which are separated from circoviruses of other 
hosts [8,9]. Although BaCV is the closest related virus to 
CfCV, their Cap sequences only share 28% identity and 
46% similarity so their structures need not be similar. 
Their discrepancy for similarity with PCV2 Cap is not 
surprising either, as phylogenetic analysis of amino acid 
sequence places BaCV closer than CfCV to PCV2 (Fig-
ure 1) [9]. The viruses isolated from mammalian hosts 
also differ greatly, however this is evident from their 
nomenclature. The CsaCV-chimp17 isolate was shown to 
relate to avian circoviruses more closely than other clus-
ters (Figure 1) [12]. Meanwhile, the little data that exists 
on the newly discovered CaCV-1 classifies the canine 
virus as a separate species, as it shows minimal identity 
to other circoviruses [11]. Although both structures show 
distinct characteristics for both mammalian-isolated cir-
coviruses, it can be seen that CsaCV-chimp17 resembles 
avian models with its eight -sheets. 

The avian circoviruses share many characteristics, in-
cluding the previously mentioned eight -sheets, and 
distinct surface amino acid sequences. The sequences 
WIPL, HYGLAFS, and PQP occur in several of the ana-
lyzed avian circovirus sequences, which corresponds to 
residues of epitope E of PCV2 Cap and the residues im-
mediately preceding. Since these conserved regions are 
on the surface and are found in protrusions, the se-
quences may be a suitable antigen for MAbs that can be 
used to target a wide range of strains among a species of 
circoviruses, or possibly as a general diagnostic tool to 
cross-react with a range of viruses that infect different 
hosts. The ability of MAbs to cross-react with related 
viruses has been show to have neutralizing activity, and 
is of great interest as a diagnostic and characterization 
tool for many viral pathogens [27-29]. The location of 
the conserved sequences on the surface, as well as their 
close proximity may also select for MAbs that recognize 
linear epitopes, making them more robust for experi-
mentation and diagnostics. 

The overall structure of all circoviruses examined in 
this paper showed a high degree of similarity. Several 
studies have noted the high variation in circovirus se-
quences, especially those contributing to the capsid pro-
tein [14,15,30-37]. With the high diversity, even among 
isolates and strains from the same virus, structural 
changes may be anticipated. Many surface antigens will 
change, however, despite the diversity the configuration 
of the -sheets at the centre of the structure was consis-
tent throughout all models, creating a jelly roll formation 
as reported for PCV2 Cap and seen in other icosahedral 
viruses [18,38,39]. Even with PCV2 Cap exhibiting 
nearly twice as many -sheets in the structure as CfCV 
and CaCV-1, the internal structure is still maintained. 
The presence of -helices in the viruses may not be as 
significant due to their variation among closely related 
isolates and their generally small size. Long strands, con-
taining the NLS would be seen on the N-terminal of all 
Cap proteins. 

It was noted that all N-termini of the circoviruses 
viewed were directed internally into the viral capsid. The 
location of the NLS may also signify a function within 
the viral capsid. Citing proposed functions for similar N- 
termini found in PCV and CAV which are used in pack-
aging the viral genome into the capsid [13], the NLS on 
BFDV Cap was long assumed to be confined to the in-
side of the capsid in order to carry out this role [40]. Al-
though the high concentration of positively charged ar-
ginines prevents a definitive structure from being deter-
mined without direct structural analysis of the full-length 
protein, PCV2 Cap structural data, even with a truncated 
NLS, is enough to show that the N-terminal of the protein 
is inward facing for all Cap models viewed. The NLS 
region was also observed binding DNA [16], giving cre-
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dence to the claim that the N-terminal in Cap is responsi-
ble for viral DNA packaging in the capsid. 

Since many changes occur on the external surface and 
do not affect the interaction with other Cap proteins, the 
viral capsid of all circoviruses likely share a high level of 
structural similarity. To continue to expand the structural 
knowledge of circovirus Caps, crystallographic or NMR 
data will need to be attained. It would be preferential to 
use the full-length protein, however, the NLS region has 
been shown to inhibit expression in E. coli [40]. Addi-
tionally, the long, positively charged NLS, characteristic 
to circovirus Caps, is predicted to extend outward from 
the tertiary structure of the protein creating a flexible re-
gion that would likely inhibit packing of a crystal for 
crystallographic determination. Although the size of these 
proteins is suitable for NMR determination difficulties 
arise with the high salt concentration required to purify 
and solubilize circovirus Caps, as well as its lack of solu-
bility in the pH range compatible with NMR. Neverthe-
less, additional sequences of circovirus Cap, full-length 
and fragmented, should be expressed in an attempt to 
optimize for crystallization or NMR to continue to add 
knowledge to this rapidly growing family of viruses. 
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Expression  of recombinant  beak  and  feather  disease  virus  (BFDV)  capsid-associated  protein  (Cap)  has
relied on  inefficient  techniques  that  typically  produce  low  yields  or  use specialized  expression  systems,
which  greatly  increase  the  cost  and  expertise  required  for  mass  production.  An Escherichia  coli  system
was  used  to  express  recombinant  BFDV  Cap  derived  from  two isolates  of BFDV,  from  a Long-billed  Corella
(Cacatua  tenuirostris)  and  an  Orange-bellied  parrot  (OBP;  Neophema  chrysogaster).  Purification  by affinity
and size  exclusion  chromatography  was  optimized  through  an  iterative  process  involving  screening  and
eak and feather disease virus
FDV
apsid-associated protein
rotein purification

modification  of  buffer  constituents  and  pH.  A  buffer  containing  glycerol,  �-mercaptoethanol,  Triton  X-
100, and  a high  concentration  of  NaCl  at pH  8 was  used  to  increase  solubility  of  the  protein.  The  final
concentration  of  the  corella-isolated  BFDV  protein  was  fifteen-  to twenty-fold  greater  than  that  produced
in previous  publications  using  E.  coli expression  systems.  Immunoassays  were  used  to  confirm  the  specific
antigenicity  of  recombinant  Cap,  verifying  its validity  for use  in  continued  experimentation  as  a  potential
vaccine,  a reagent  in  diagnostic  assays,  and  as a concentrated  sample  for biological  discoveries.
. Introduction

Beak and feather disease virus (BFDV) has a worldwide distribu-
ion and causes chronic persistent disease in native and endangered
vian species. The virus is the causative agent of psittacine beak
nd feather disease (PBFD) in a large number of psittaciformes, and
xhibits itself both as an immunosuppressive illness, as well as
hronically through symmetrical feather loss, and beak and claw
eformations. Routine diagnostics of this pathogen are required
o monitor the disease in endangered species, and for import and
xport of susceptible species. Currently, there is also no commer-
ially available vaccine for prevention of illness. Improvements on
iagnostic assays and potential vaccines, as well as understanding
f the basic biology of the virus rely heavily on the understanding
f the protein biochemistry of BFDV associated proteins. As there

s no system to culture the virus, production of viral proteins must

ake use of recombinant techniques.

∗ Corresponding author at: Charles Sturt University, School of Animal and Veteri-
ary Sciences, Boorooma St., Wagga Wagga, New South Wales 2678, Australia.
el.: +61 2 69334450; fax: +61 2 69332812.

E-mail address: shraidal@csu.edu.au (S.R. Raidal).

166-0934/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jviromet.2013.01.020
© 2013 Elsevier B.V. All rights reserved.

The virus is one of the smallest known to cause disease, in terms
of both genome and particle size, and is a member of the fam-
ily Circoviridae. The BFDV genome encodes only a single structural
protein, Cap, which self-associates to form the outer capsid of the
virus. Since Cap is the only exposed protein of the intact virus, it is
the major factor in antigen presentation of the virus, thus, there is
interest to develop an efficient technique to express and purify the
protein.

Expression of full-length and fragments of this protein have
been achieved using baculovirus (Heath et al., 2006; Stewart et al.,
2007), however, this method is tedious, requires specialized tech-
niques and equipment, and generally produces lower yields than
Escherichia coli based expression systems. The lower yield was  espe-
cially pronounced when full-length Cap was expressed; Heath et al.
(2006) reported a 2.5 times increase in recombinant protein yield
in baculovirus when the first 40 amino acids were omitted from
the N-terminal of the Cap sequence. The buffers used to purify
the baculovirus-expressed proteins did not contain detergents or
specialized reagents, but had salt concentrations in the range of
300–500 mM at pH 7.8–8. Expression of BFDV Cap in E. coli sys-

tems has also resulted in low protein yields (Johne et al., 2004) and
related capsid proteins have required the presence of fusion pro-
teins for stability and solubility (Yin et al., 2010), however, removal
of these tags often render the protein insoluble and not suitable for

dx.doi.org/10.1016/j.jviromet.2013.01.020
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:shraidal@csu.edu.au
dx.doi.org/10.1016/j.jviromet.2013.01.020


ologic

t
e
i
t
V
r
c
w
c
u

w
o
a
p
p
a

2

2

p
a
Q
t

2

G
w
f
f
T
C
A
a
c
0
r
s
i
a
i
e
b

2
e

2
fi
w
f
a
s
5
5
F
B
K
(

E.I. Patterson et al. / Journal of Vir

esting in biological assays. Additional difficulties have also been
ncountered that have, thus far, precluded the efficient expression
n E. coli,  including a large number of Arg residues at the N-terminal
hat inhibit mRNA translation in E. coli (Alexandrova et al., 1995;
arenne and Lazdunski, 1986). The buffer for the E. coli-expressed
ecombinant protein also did not contain detergents and had a salt
oncentration of 300 mM at pH 7.8. Conversely, Khayat et al. (2011),
ere able to purify an E. coli-expressed recombinant porcine cir-

ovirus 2 (PCV2) capsid protein to a concentration of 100 mg/mL
sing a buffer containing 500 mM NaCl at pH 10.5–11.1.

Production of large quantities of highly pure protein at low cost
ith minimal infrastructure would be ideal for commercial uses

f recombinant Cap, both as a potential vaccine and in diagnostic
ssays. This study describes an optimized and efficient method to
roduce large amounts of recombinant Cap at different levels of
urity, and verification of the protein using ELISA and Western blot
nalysis.

. Materials and methods

.1. Viral DNA extraction

Viral DNA was extracted from a blood sample collected on filter
aper of known infected Long-billed Corella (Cacatua tenuirostris),
nd Orange-bellied parrot (OBP; Neophema chrysogaster) using a
IAmp DNA Blood Mini Kit according to manufacturer’s instruc-

ions (Qiagen; Chadstone Centre, Australia).

.2. Isolation of the BFDV Cap gene by polymerase chain reaction

A full-length genome sequence of BFDV was  attained from
enBank (GenBank: AF08060) (Bassami et al., 1998). Primers
ere designed to amplify the 594 base pairs of capsid gene

rom �N40 to �C238 and include a 16 base overhang to
acilitate ligation independent cloning (LIC) (CAPSID FWD  5′-
ACTTCCAATCCAATGCCACAACCAATAGAATTTACACTCTCAG-3′;
APSID REV 5′-TTATCCACTTCCAATGTTAGGCAAACTGACGGAATTG-
AC-3′). The target gene regions from the BFDV-positive corella
nd BFDV-positive OBP sample were amplified by PCR; reactions
ontained 2 mM MgCl2, 0.2 mM dNTPs, 0.4 �M CAPSID FWD,
.4 �M CAPSID REV, 1.2 units of Tth Plus DNA Polymerase, 1×
eaction buffer (Fisher Biotec; Wembley, Australia), and 4 �L of
ample DNA, in a total volume of 50 �L. Reactions were carried out
n a BioRad S1000 Thermal Cycler (BioRad; Gladesville, Australia)
nd consisted of an initial step at 95 ◦C for 5 min, 32 cycles consist-
ng of 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 1 min, and a final
longation step at 72 ◦C for 10 min. PCR products were confirmed
y electrophoresis.

.3. Cloning of BFDV Cap �N40 to �C238 into pMCSG21
xpression vector

The PCR amplicon was cloned into pMCSG21 (Stols et al.,
007) using methods described by Donnelly et al. (2006).  To con-
rm correct BFDV DNA insertion into pMCSG21 single colonies
ere cultured at 37 ◦C overnight and plasmid DNA was extracted

rom the cells using a QIAprep Spin Miniprep Kit (Qiagen)
ccording to the manufacturer’s instructions. The sample was
equenced using vector sequencing primers (pMCSG21 SEQ FWD
′-AGATATACATATGCACCATCATCATCATC-3′; pMCSG21 SEQ REV
′-GAGTGCGGCCGCAAGC-3′) at the Australian Genome Research

acility (AGRF), and the Cap sequences were submitted to Gen-
ank (corella isolate GenBank: KC121339, OBP isolate GenBank:
C121340). The plasmid was transformed into E. coli BL21 DE3 cells

Invitrogen; Mulgrave, Australia) for expression.
al Methods 189 (2013) 118– 124 119

2.4. Protein expression

Colonies were cultured in 5 mL  of LB broth containing 100 �g/mL
of spectinomycin overnight at 37 ◦C in an orbital shaker at 225 rpm.
One mL  of the E. coli BL21 DE3 starter culture was  added to
500 mL  of LB media with 100 �g/mL spectinomycin in a baffled
flask at 37 ◦C in an orbital shaker at 90 rpm, and grown to an
optical density of 0.6. Cultures were cooled to 20 ◦C, and induced
with 1 mM isopropylthio-�-d-galactoside (IPTG) for 24 h. Bacte-
rial cells were pelleted by centrifugation in a J2-21M/E Centrifuge
(Beckman; Lane Cove, Australia) at 4000 × g for 30 min, resus-
pended in Capsid Buffer A, containing 50 mM sodium phosphate,
500 mM NaCl, 30 mM imidazole, 1 mM �-mercaptoethanol, 10%
glycerol and 0.1% Triton X-100 at pH 8, and stored at −20 ◦C.
Additional experiments to purify recombinant Cap at pH 10
resuspended cells in Capsid Buffer pH 10 (A), containing 20 mM
N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), 500 mM NaCl,
4 mM �-mercaptoethanol, and 20 mM imidazole at pH 10.

2.5. Recombinant protein purification

Lysis of bacterial cells was undertaken using two  freeze/thaw
cycles, 20 mg of lysozyme (Sigma–Aldrich; St. Louis, USA), 0.5 mg
of DNaseI (Invitrogen), and incubation of the cells in FastBreak Cell
Lysis Buffer (1×;  Promega; Alexandria, Australia) for 30 min  on ice.
Cellular debris was  pelleted by centrifugation in a J2-21M/E Cen-
trifuge (Beckman) at 40,000 × g for 30 min and the supernatant
filtered through a 0.45 �m low protein-binding filter (Millipore;
Kilsyth, Australia) before purification with a 5 mL  HisTrap HP col-
umn  (GE Healthcare; Rydalmere, Australia) on an AKTApurifier
FPLC (GE Healthcare). The sample was eluted in Capsid Buffer B,
containing similar constituents to Capsid Buffer A with the excep-
tion of imidazole at a concentration of 500 mM.  Similarly, samples
purified at pH 10 were eluted in Capsid Buffer pH 10 (B), simi-
lar to Capsid Buffer pH 10 (A) with the exception of imidazole at
a concentration of 500 mM.  Peak fractions were collected and the
6xHis tag was cleaved by incubating with 800 �g of TEV protease
at 4 ◦C overnight. Recombinant Cap was purified by a size exclu-
sion HiLoad 26/60 Superdex 200 column (GE Healthcare) in Capsid
Buffer C, containing 20 mM Tris, 300 mM NaCl, 10% glycerol, 1 mM
�-mercaptoethanol, and 0.1% Triton X-100 at pH 8. The peak frac-
tions were pooled and concentrated to 1.5–2.0 mg/mL  in an Amicon
Ultra 10 kDa filter tube (Millipore) and samples were analyzed by
SDS–PAGE, Western Blotting, and indirect ELISA. Additional purifi-
cations used Capsid Buffer pH 6 C, containing 50 mM  imidazole,
1 mM �-mercaptoethanol, 0.1% Triton X-100, and NaCl at concen-
trations of either 50 mM or 125 mM at pH 6 during size exclusion
chromatography.

2.6. Western Blotting

Following SDS–PAGE, proteins from E. coli cellular lysate
expressing corella-isolated BFDV Cap, and purified corella-isolated
BFDV Cap were transferred onto nitrocellulose (BioRad) using a
Criterion Blotter apparatus (BioRad) at 80 V for 60 min. The mem-
brane was blocked for an hour at room temperature in Tris-buffered
saline solution with 0.05% Tween 20 (TBST) containing 5% skim milk
while gently rocking. The solution was  discarded and the mem-
brane was  washed three times for 5 min  with TBST. A monoclonal
antibody (MAb), 3F8-1 (1 mg/mL; Ab Solutions; Perth, Australia)
(Shearer et al., 2008), was diluted 1:800 in 5% skim milk TBST
and incubated with the nitrocellulose membrane for 2 h at room

temperature while gently rocking. The MAb  solution was dis-
carded and the membrane was  washed three times for 5 min  with
TBST. Horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Sigma–Aldrich) was diluted 1:1000 in 5% skim milk TBST and
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ncubated with the membrane for 1 h at room temperature while
ently rocking. The solution was discarded and the membrane was
ashed three times for 5 min  with TBST. Bands were visualized
ith 3,3′,5,5′-tetramethylbenzidine (TMB) Liquid Substrate System

or Membranes (Sigma–Aldrich). Colour development was  stopped
y washing the membrane with deionized water for 1 min.

.7. Indirect enzyme-linked immunosorbent assay (ELISA)

Indirect ELISAs were performed similar to the methods
escribed by Shearer et al. (2008).  E. coli expressing recombinant
orella BFDV Cap were lysed as previously described and the sus-
ension was centrifuged for 3 min  at 17,900 × g. The supernatant
as removed and 5 �L was added to 10 mL  of 0.5 M sodium bicar-

onate buffer. The solution was mixed thoroughly and 100 �L was
laced in the wells of a 96-well Microlon ELISA plate (Grenier-
ioOne; Stonehouse, UK) in a gradient with sequential columns
eing diluted 10% in sodium bicarbonate buffer. Additional columns
ere coated with 100 �L sodium bicarbonate buffer containing

 �g/mL of purified recombinant Cap, or sodium bicarbonate buffer
ontaining 0.5 �L/mL of E. coli cell lysate of cells not express-
ng recombinant Cap. Colour was developed by adding 50 �L of
,3′,5,5′-TMB Liquid Substrate System for ELISA (Sigma–Aldrich).
olour development was stopped after 30 min  with 50 �L of 1 M
Cl and the absorbance was detected at 450 nm.  Negative control
ells used either no protein in the sodium bicarbonate buffer or
ere not incubated with HRP-conjugated goat anti-mouse IgG.

.8. Evaluation of recombinant Cap solubility

An in silico analysis was performed using TANGO software
EMBL) (Fernandez-Escamilla et al., 2004; Linding et al., 2004;

ousseau et al., 2006) to predict the probability of protein aggre-
ation. The amino acid sequences for recombinant Cap from the
FDV-positive corella, and BFDV-positive OBP were analyzed and
ompared.

ig. 1. Amino acid sequences of recombinant corella-isolated BFDV Cap (recCapProtein), 

t  al. (1998).  The grey highlighted residues contain the His-tag and TEV cleavage site, the
rotein of each isolate. Sequences are compared and identical residues are indicated by “–
o  significantly contribute to aggregation of the protein.
al Methods 189 (2013) 118– 124

3. Results

3.1. Analysis of PCR and sequencing of BFDV-positive corella and
BFDV-positive OBP samples

PCR of the DNA from the corella, and OBP blood samples on filter
paper produced a band that corresponded to the expected product,
including two  16 base pair overhangs for LIC, at approximately 626
base pairs. After cloning and transformation, single colonies resis-
tant to spectinomycin were selected. Sequencing of the plasmid
showed the capsid gene �N40-C238 properly inserted for both
amplicons. The sequences amplified from BFDV Cap isolated in
the corella and OBP shared 86% nucleotide identity. There were
a total of 86 point mutations caused by 38 transition mutations
and 48 transversion mutations. The amino acid sequence between
the two  proteins showed 77% identity, a total of 45 residues having
mutated, and 88% similarity (Fig. 1). Of the amino acid mutations
causing property changes in the residues, eight non-polar residues
from the corella sequence became polar in the OBP sequence, six
polar residues became non-polar, two  polar residues mutated to
acidic residues, two acidic residues became polar, one polar residue
changed to a basic residue, and a single basic residue became polar.

3.2. Analysis of SDS–PAGE and purification

Overexpression of a protein corresponding to the expected size
of �N40-C238 Cap-His tagged protein, approximately 25 kDa, in
the E. coli cell lysates of cells expressing the corella BFDV Cap,
and OBP BFDV Cap was  observed on SDS–PAGE. A band repre-
senting the corresponding protein also appeared in the following
purification steps of crude extract and affinity chromatography for
recombinant Cap with the BFDV-positive corella sequence (Fig. 2A),

however, purification of recombinant Cap from cells containing the
BFDV-positive OBP sequence exhibited much lower yield. The band
corresponding to recombinant Cap from the OBP isolate signifi-
cantly diminished from the samples upon centrifugation of the cell

recombinant OBP-isolated BFDV Cap (OBPCapProtein), and BFDV Cap from Bassami
 blue highlight is the stop codon, and the yellow highlight is the recombinant Cap
” and mutated residues are indicated by “*”. The underlined residues are predicted
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Fig. 2. SDS–PAGE and graphs of purification and likelihood of aggregation of recombinant corella Cap (A, B, and C) recombinant and OBP Cap (D, E, and F). (A) SDS–PAGE with
molecular weight marker in lanes 1 and 9, E. coli cell lysate in lane 2, cell lysate supernatant in lane 3, flow through from affinity chromatography in lane 4, peak fraction
from  affinity chromatography containing His-tagged recombinant Cap in lane 5, recombinant Cap after incubation with TEV in lane 6, peak fraction from size exclusion
chromatography containing tag-less recombinant Cap in lane 7, concentrated tag-less recombinant in lane 8. The solid arrow indicates the 25 kDa marker and the hollow
arrow  indicates the 20 kDa marker. (B) Chromatogram showing purification of recombinant Cap from cell lysate supernatant in affinity chromatography. The blue trace
shows  UV absorbance of the eluate with the solid triangle indicating elution of recombinant Cap. The green trace represents the concentration of buffers, with 100% Capsid
buffer  A at the bottom of the graph and 100% Capsid buffer B at the top of the graph. (D) SDS–PAGE with molecular weight marker in lane 1, E. coli cell lysate in lane 2, cell
lysate  supernatant in lane 3, flow through from affinity chromatography in lane 4, sample of the cell lysate pellet containing a large amount of His-tagged recombinant Cap
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with significant risk of aggregation, the OBP  sequence more so
than the corella sequence. These differences appear to be spe-
cific to mutations in the latter portion of the protein, specifically
residues 182–186 of the untagged protein (residues 206–210 of
n  lane 5, peak fraction from affinity chromatography containing a low amount of 

hromatogram showing purification of recombinant Cap from cell lysate supernata
C)  and (F) TANGO graphs representing the likelihood of each amino acid (as numb

ysate and was present in the pellet sample, indicating that the
ajority of the protein was not soluble (Fig. 2D). The affinity chro-
atography graphs for purification of the Cap proteins also show

he difference between the corella and OBP recombinant Caps in
he eluate (Fig. 2B and E). Following TEV cleavage and size exclu-
ion chromatography, the BFDV-positive corella Cap protein band
s seen to drop by approximately 3 kDa to correspond with tag-less
ecombinant Cap. The elution volume of 250 mL  of recombinant
ap from size exclusion chromatography suggests that the pro-
ein eluted as a monomer. The final concentration of recombinant
orella-isolated BFDV Cap was approximately 1.5–2.0 mg/mL.

Purifications with buffers at pH 6 and pH 10 did not allow higher
ields of recombinant Cap. Use of Capsid Buffer pH 6 C with 50 mM
aCl resulted in no protein being eluted during size exclusion chro-
atography. Purification with Capsid Buffer pH 6 C with 125 mM
aCl was purified with size exclusion chromatography, however,

he yield was much lower than that seen with buffers at pH 8 (Fig. 3).
apsid Buffer pH 10 B was also not able to stabilize the protein, and
ignificant amounts of precipitation were seen following affinity
hromatography.

.3. Recognition of recombinant Cap protein with a monoclonal
ntibody

Western blot showed MAb  3F8-1 binding recombinant Cap from
ells expressing the corella BFDV Cap both as part of E. coli cell
ysate and as purified, tag-less protein (Fig. 4). Indirect ELISA was

lso capable of detecting the presence of recombinant Cap from
ells expressing the corella BFDV Cap as E. coli cell lysate and as

 purified, tag-less protein (Table 1). Absorption in the ELISA was
roportional to the amount of protein added. Lysate from E. coli not
gged recombinant Cap in lane 6. The solid arrow indicates the 25 kDa marker. (E)
ffinity chromatography. The hollow triangle indicates elution of recombinant Cap.

 the tag-less protein) in the Cap sequences contributing to aggregation.

expressing recombinant Cap had a minimal amount of absorbance
and was recorded as a negative result for the assay.

3.4. Analysis of the probability of protein aggregation

The program TANGO was used to predict the likelihood of aggre-
gates being formed as a result of protein expression in E. coli.
The sequences of both BFDV recombinant Caps showed regions
Fig. 3. SDS–PAGE of tag-less recombinant Cap yields from purifications using Capsid
Buffer C, and Capsid Buffer pH 6 C with 125 mM NaCl. Lanes 1 and 4 are molecular
weight markers, lane 2 is concentrated recombinant Cap using Capsid Buffer C at
pH 8, and lane 3 is concentrated recombinant Cap using Capsid Buffer pH 6C with
125 mM NaCl at pH 6.
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Fig. 4. Western blot of recombinant corella-isolated BFDV Cap samples. Lane 1
is  a molecular weight marker, the solid arrow indicating the 25 kDa marker, and
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Table 1
The absorbances of differing concentrations of E. coli cell lysate, both expressing
recombinant Cap and not expressing recombinant Cap, and pure, untagged recom-
binant Cap protein at 450 nm.  The table shows that adding no cell lysate to the wells
gives an almost identical absorbance to E. coli cell lysate not expressing recombi-
nant Cap, and that purified recombinant Cap has a similar absorbance to higher
concentrations of E. coli expressing recombinant Cap cell lysate.

Sample Concentration of
cell lysate (nL/mL)

Average absorbance
(at 450 nm)

E. coli expressing
recombinant Cap cell
lysate

500 3.225

450 3.630
405 3.658
365 3.657
329 3.543
296 3.402
266 3.042
240 2.836
215 2.425
194 1.870
175 1.514
158 1.350
142 1.018
128 0.787
115 0.643
104 0.530

94 0.421
85 0.341
77 0.289
69 0.272
62 0.265

0 0.044

E. coli not expressing
recombinant Cap cell
lysate

2000 0.045

Concentration of purified
recombinant protein (ug/mL)

Average absorbance
(at 450 nm)
he hollow arrow indicating the 20 kDa marker. Lane 2 is the E. coli cell lysate of
ells expressing recombinant His-tagged BFDV Cap, and lane 3 is purified, tag-less,
ecombinant BFDV Cap.

aggedprotein), which greatly increases the probability of aggrega-
ion in the OBP recombinant Cap (Fig. 2C and F).

. Discussion

BFDV is the causative agent of an immunosuppressive and dis-
guring disease that infects many psittacine species throughout
he world. In Australia alone the virus is known to infect 32 native
arrot species, eight of which are endangered.1 Efforts are being
ut towards the development of a vaccine to prevent the extinc-
ion of native wildlife. As the capsid protein comprises the entire
xposed region of the virus, there is a unique opportunity to cre-
te a vaccine simply by expressing and purifying recombinant Cap.

 full-length recombinant Cap vaccine has been evaluated previ-
usly and resulted in satisfactory immunization towards the native
irus (Bonne et al., 2009). The protein expressed by Bonne et al.
2009) used a baculovirus system to include the NLS region, which
as been removed to improve expression in E. coli systems, but is
ot considered to be antigenically important (Johne et al., 2004).
ecent structural data of PCV capsid protein also provides evi-
ence for this as the NLS was reportedly internalized in the virus
Khayat et al., 2011), and homology modelling BFDV Cap also shows

n internal facing N-terminal (Patterson et al., 2012). This current
tudy used a fragment of the Cap protein that omits the NLS region,
nd results from the Western blot and indirect ELISA show there

1 Department of the Environment and Heritage, Government of Australia, 2005.
hreat Abatement Plan for Beak and Feather Disease affecting endangered psittacine
pecies. Canberra, Australia. Avialable from: www.deh.gov.au/biodiversity/
hreatened/publications/tap/beak-feather/index.html (accessed 24.05.09).
Recombinant Cap 3.00 3.485

is stillinteraction with the MAb, confirming the protein fragment
is antigenically relevant. The ease and widespread availability of
E. coli expression, therefore, make its use enticing for large-scale
protein expression.

An additional problem to overcome when using an E. coli expres-
sion system for recombinant Cap is insolubility. This has been an
issue for the expression of BFDV Cap as well as related circovirus
proteins. One solution used by Yin et al. (2010) was  to fuse a
small ubiquitin-like modifiers (SUMO) protein to improve solubil-
ity, however, the addition of a fusion protein is not suitable for
some techniques, such as crystallography, and once the fusion pro-
tein is removed solubility becomes an issue again. A simple solution
to increase the solubility in this experiment was the addition of a
detergent to the buffers. Use of a detergent will prevent micelles
from forming and stops the protein from precipitating until higher
concentrations are achieved. Johne et al. (2004) reported a final
concentration of 0.1 mg/mL, but the addition of Triton X-100 in
this experiment allowed recombinant Cap to be concentrated to
1.5–2.0 mg/mL. The use of detergents does not hinder use of the
protein for structural determination, and simple dilution, which
may  be necessary for some experiments, reduces the concentration
of detergent to appropriate levels for haemagglutination assays or
vaccinations. Long-term stability of the protein at room tempera-
ture or 4 ◦C remains a hindrance to experiments, such as structural
determination by nuclear magnetic resonance (NMR). Alterations
to buffers may  vary the stability of purified Cap and its ability to

reach higher concentrations. Purification does not appear to be
equal across a range of pH levels. Unlike PCV2 Cap (Khayat et al.,
2011), BFDV Cap does not remain soluble at higher pH levels. Use

http://www.deh.gov.au/biodiversity/threatened/publications/tap/beak-feather/index.html
http://www.deh.gov.au/biodiversity/threatened/publications/tap/beak-feather/index.html
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f pH 6 buffers were attempted to evaluate the use of recombinant
ap for NMR  experiments, where complications with buffers arise
ith increased salt concentrations. The protein appears to exhibit

 salt dependence and high salt concentrations would decrease
he resolution if used for NMR  experiments. Use of glycerol may
ncrease solubility of the protein, however, it is not compatible

ith certain techniques such as NMR  and would make crystal-
ization trials more difficult. The addition of �-mercaptoethanol

ay  also improve solubility where sequences contain cysteine
esidues.

The capsid gene of BFDV is highly variable with nucleotide iden-
ities between 80 and 100% similarity (Bassami et al., 2001; Raue
t al., 2004). This diversity is reflected in the amino acid sequence,
hich reports between 73 and 99% similarity. The sequence of the

irus isolates used for these experiments differed from each other,
owever, these mutations are assumed to have little effect on the
irulence of each virus isolate. The samples were obtained from
nown infected individuals, attesting to the virus being capable of
liciting an infection, and findings of Kundu et al. (2012) hypoth-
sized that mutations in the capsid sequence may  be responsible
n successful immune system evasion, but likely have negligible
ffects on pathology. The mutations seen also do not hinder the
se of the virus isolated from the corella sample for continuing
xperimentation, however, the insolubility of the OBP isolate is
ikely due to its particular sequence. Both recombinant proteins

ere products of identical protocol, leading to the conclusion that
utations in the BFDV isolate extracted from the OBP cause the

rotein to form aggregates or become amalgamated into inclu-
ion bodies. Aggregates are collections of proteins that present
on-native folding due to an increased number of �-sheets, and
equire the co-expression of chaperone proteins for prevention or
dditional purification steps with high concentrations of solubil-
zing agents be rescued (Basu et al., 2011; Carrio et al., 2005; de
root et al., 2008; Sabate et al., 2010; Sorensen and Mortensen,
005; Ventura, 2005). The specific amino acid sequence is pre-
umed to be a factor in recombinant proteins forming aggregations.
hanges in sequences of soluble proteins may  render the mutated
equence insoluble. Several examples exist that report aggrega-
ion caused by point mutations in proteins (Azriel and Gazit, 2001;
hiti et al., 2003; Chrunyk and Wetzel, 1993; Izard et al., 1994;
almona et al., 1999; Ventura et al., 2004; Wetzel et al., 1991).
ecently, this phenomenon has been more extensively studied,
nd, although specific sequences responsible for aggregation have
ot been elucidated, the additional research has lead to creation of
he software TANGO, capable of predicting the probability of pro-
ein aggregation (Fernandez-Escamilla et al., 2004; Linding et al.,
004; Rousseau et al., 2006). The sequences for recombinant Cap
rom the OBP and corella were compared using TANGO, with
he corella BFDV sequence predicted to be approximately half as
ikely to form aggregates, however, it is still relatively insoluble.
t was also seen that mutations near the C-terminal of the OBP
ecombinant Cap were responsible for its decrease in solubility.
he effect of sequence variation on solubility gives the potential
o increase solubility simply by expressing a new variant of the
rotein. Some considerations still need to be made, such as the
resence of cysteine residues in the Cap sequence possibly making

t necessary to add reducing agents, such as �-mercaptoethanol.
hus, the buffers used should maintain the ability to solubilize
he protein as much as possible, without relying entirely on the
equence.
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Circoviruses represent a rapidly increasing genus of viruses that infect a variety of vertebrates.
Replication requires shuttling viral molecules into the host cell nucleus, a process facilitated by capsid-
associated protein (Cap). Whilst a nuclear localization signal (NLS) has been shown to mediate nuclear
translocation, the mode of nuclear transport remains to be elucidated. To better understand this process,
beak and feather disease virus (BFDV) Cap NLS was crystallized with nuclear import receptor importin-a
(Impa). Diffraction yielded structural data to 2.9 Å resolution, and the binding site on both Impa and
BFDV Cap NLS were well resolved. The binding mechanism for the major site is likely conserved across
circoviruses as supported by the similarity of NLSs in circovirus Caps. This finding illuminates a crucial
step for infection of host cells by this viral family, and provides a platform for rational drug design against
the binding interface.

Crown Copyright � 2013 Published by Elsevier Inc. All rights reserved.
1. Introduction

Circoviridae is a growing family of animal viruses, with mem-
bers responsible for diseases of both veterinary and economic
importance, notably chicken anaemia virus (CAV), the cause of
chicken infectious anaemia, porcine circovirus 2 (PCV2), the cause
of post-weaning multisystemic wasting syndrome, as well as
Anellovirus isolates prevalent in humans. Environmental load of
these viruses are likely very high, along with the hypothesis of ver-
tical transmission [1–4] and documented infections of endangered
species [5–7], necessitates the requirement for significant research
into both the biology of viral replication, and vaccines and thera-
peutic development. Since the family of viruses is characterized
by small circular genomes, encoding a limited number of proteins
[8], proteins throughout this family are governed by similar mech-
anisms and properties, enabling research to be highly focused on
these critical proteins, and translatable across related virus
isolates.

Beak and feather disease virus (BFDV) has a worldwide distribu-
tion in wild and captive psittacine birds [9]. The virus is one of the
smallest viruses to cause disease, manifesting itself as an acute
disease in nestlings and specific parrot species [10,11], chronically
with symmetrical feather loss and beak and claw deformations
[12], and is a threat to several endangered species. A member of
the genus Circovirus, BFDV is related to the other avian circovirus-
es, such as raven circovirus, duck circovirus (DuCV) and columbid
circovirus (CoCV), newly discovered fish circoviruses, and the eco-
nomically important porcine circoviruses. Similar to other circovi-
ruses, BFDV has a circular single-stranded DNA genome of less than
2000 base pairs encoding two major proteins [8], requiring BFDV
proteins to be multifunctional, and interact with several host
proteins.

The two major proteins of circoviruses are the capsid-associated
protein (Cap), which comprises the entirety of the viral capsid, and
the replication-associated protein (Rep). In BFDV, Cap must inter-
act with several host cellular proteins to accomplish infection, rep-
lication and formation of new viral particles. It must also self-
associate to form the viral capsid, as well as interact with a host
cell surface receptor in the extracellular environment. BFDV Cap
is known to bind to Rep to facilitate nuclear localization, and binds
DNA [13], likely localizing its own genome into the host cell nu-
cleus. The nuclear localization signals (NLSs) from several
circoviruses have been shown to localize Cap to the nucleus
[13–16], however, no mechanism of nuclear transport has been
evaluated or suggested. The presence of an extensive NLS in BFDV
Cap has been identified, and a large number of positively charged
residues at the N-terminal were classified as being a bipartite
capsid

http://dx.doi.org/10.1016/j.bbrc.2013.07.122
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NLS [13]. This sequence is also consistent with other classical NLSs
determined to bind with nuclear importin-a [17,18].

Determination of the structural interface between two interact-
ing proteins provides important information of the binding deter-
minants that mediate association, as well as a basis for rational
drug design to perturb these interactions. Crystallization of the
capsid protein of PCV2 without the NLS has enabled high resolu-
tion structural determination of the protein and, in turn, the entire
viral capsid [19]. This has allowed further insight to the amino
acids thought to be responsible for binding heparin sulfate and
the positioning of the NLS inside the viral capsid. Similarities of
approximately 43% between the amino acid sequences of BFDV
Cap and the solved PCV2 capsid have also allowed for models of
BFDV Cap and related viral capsid structures [20]. Structural meth-
ods can be applied to determine the pathway of nuclear entry of
BFDV Cap, although difficulties arise with expression of the full-
length protein [13,21], and, potentially, with subsequent crystalli-
zation due to the flexibility of the NLS region [20]. To determine
the binding site of BFDV Cap NLS with importin-a (Impa), a pep-
tide, incorporating the NLS region of BFDV Cap, was complexed
with Impa. Crystallization of the complex allowed the high�reso-
lution X-ray crystallographic structural determination of BFDV Cap
NLS in complex with Impa, providing further insight to the nuclear
localization of BFDV Cap and likely the nuclear localization of all
related circovirus Caps.
Table 1
Crystallographic data for structure of mImpaIBB in complex with BFDV Cap NLS.

Space group Overall (outer shell)
P212121

Unit cell
Length (Å) a = 78.2, b = 89.9, c = 99.16

Data collection
Resolution range (Å) 29.99–2.90 (3.06–2.90)
Completeness (%) 99.9 (100.0)
2. Materials and methods

2.1. Expression and purification of Impa

Expression made use of an isolate of mouse Impa lacking the
importin b binding domain (mImpaDIBB; variant a2, residues
70–529) that has previously been crystallized [22]. Recombinant
protein was expressed using Escherichia coli pLysS cells. E. coli cells
were grown in 500 mL of autoinduction media (1% tryptone, 0.5%
yeast extract, 1X NPS, 1X 5052, 1 mM MgSO4) containing 25 lg/
mL kanamycin at 25�C for 27 h. Cells were collected by centrifuga-
tion at 4000xg for 30 min, resuspended in Buffer A (50 mM phos-
phate buffer, 300 mM NaCl, 20 mM imidazole, pH 8) and stored
at �20�C. Lysis included two freeze/thaw cycles, 20 mg of lyso-
zyme (Sigma–Aldrich), and 0.5 mg of DNaseI (Invitrogen). Debris
was pelleted by centrifugation at 40,000xg for 30 min followed
by filtration of the supernatant through a 0.45 lm low protein-
binding filter (Millipore). Supernatant was injected onto a 5 mL Hi-
sTrap HP column (GE Healthcare) on an AKTApurifier FPLC (GE
Healthcare) and eluted with Buffer B (50 mM phosphate buffer,
300 mM NaCl, 500 mM imidazole, pH 8). Peak fractions were
pooled and loaded onto a HiLoad 26/60 Superdex 200 column
(GE Healthcare). Peak fractions eluted in GST Buffer (50 mM Tris,
125 mM NaCl, pH 8), collected and concentrated to 33.65 mg/mL.
Unique reflections 16074 (2295)
Rmerge 0.153 (0.583)
Avg I/r 9.9 (3.3)
Redundancy 7.1 (7.2)

Refinement statistics
Rfree/Rwork 0.22804/0.17293
Avg B-factor 33.135
Number of non-hydrogen atoms 3332

R.m.s. deviations from ideality
Bond lengths (Å) 0.014
Bond angles (�) 1.848

Ramachandaran plot (%)
Favored 95.3
Allowed 4.5
Outliers 0.3
2.2. Crystallization of BFDV Cap NLS:Impa complex

The BFDV Cap NLS from an isolate (GenBank: AAS16925),
similar to a sequence capable of localizing the associated Cap to
the nucleus [13], was selected and a peptide containing 29 amino
acids was produced (Mimotopes). The peptide contained the
sequence N- RRRRYARPYYRRRHNRRYRRRRRYFRRRR –C. The Cap
NLS peptide was resuspended in GST Buffer at a concentration of
10 mg/mL, and mixed with mImpaDIBB at a concentration of
33.65 mg/mL, in a 2:1 ratio for crystallization. The crystallization
conditions contained 0.675 M trisodium citrate, 0.1 M HEPES (pH
6.5), and 20 mM DTT. The protein complex was mixed in a 1:1 ratio
with the crystallization conditions, and crystallized using hanging
drop diffusion. Crystals formed after one week.
Please cite this article in press as: E.I. Patterson et al., Structural determination
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Crystals of the protein complex were placed in cryoprotectant
consisting of the crystallization conditions with 20% glycerol.
Diffraction data, collected at the Australian Synchrotron, was
scaled and merged using iMosflm [23]. Molecular replacement
was performed using the PDB: 1IAL as a search model in Phaser
[24] and used to generate an initial electron density map, from
which a final model could be built and refined using REFMAC with-
in the CCP4 suite [25], and WinCoot [26] (Table 1). The structure of
the complex was deposited in the RCSB Protein Data Bank (PDB:
4HTV). Bond analysis was determined using the server Protein
interfaces, surfaces and assemblies (PISA) at European Bioinfor-
matics Institute [27].
3. Results and discussion

Nuclear localization signals of several circovirus Caps have been
defined to a stretch of amino acids that reside at the N-terminus of
the protein [13,14,16]. These sequences possess a large contiguous
stretch of positively charged residues, consistent with classical
NLSs, and, in the case of PCV, the responsible sequence has been
narrowed to a small number of residues [14]. Despite this knowl-
edge, no connection has been made regarding the mechanism of
nuclear transport, an essential step for viral replication and infec-
tion. Elucidation of this mechanism will enhance both understand-
ing of how these Caps bind nuclear import receptors compared to
other previously characterized NLS sequences, and also have wider
implications for all circoviruses and circovirus-like viruses. For in-
stance, the N-termini of all known circoviruses isolated from ani-
mal tissue, currently spanning several avian species, pigs, fishes,
dogs, and bats, as well as Anelloviruses isolated from humans, pigs,
and similar viruses from turtles, and dragonfly include conserved
clusters of positively charged residues [28–34], suggesting that
they all use the same mechanism for nuclear transport (Fig. 1).
Although not all circoviruses are associated with disease, their
presence in such a variety of species and its ancient origins [35]
leads to the hypothesis that this group of viruses will eventually
be found in all vertebrates and possibly even further, with varying
effects on their hosts.
of importin alpha in complex with beak and feather disease virus capsid
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Fig. 1. The NLS sequences of several circoviruses or circovirus-like viruses. Virus abbreviations are followed by their GenBank accession number. Underlined residues are
those found to bind to the major site of Impa (as in BFDV), or are predicted to be able to bind the major site of Impa. Predicted sequences contain a minimum of four arginine
residues, which were found to provide the most contacts in BFDV Cap NLS. The highlighted residues for PCV2 were those found to affect nuclear localization in mutation
experiments by Liu et al. [14]. BFDV = beak and feather disease virus; PCV2 = porcine circovirus 2; DuCV = duck circovirus; CAV = chicken anaemia virus; TTV = Torque teno
virus; GoCV = goose circovirus; BatCV = bat circovirus; CoCV = columbid circovirus; DrCV = dragonfly cyclovirus.
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The current state of BFDV research has placed restrictions on
experimental methods that can be used to study its viral biology.
No cell culture method has been devised to maintain BFDV infec-
tion, therefore to date, recombinant protein expression technolo-
gies have been utilized to characterize the function, and in this
study, the structural and functional relationships of proteins criti-
cal for viral infection and replication. The field is further hampered
due to expression of recombinant, full-length BFDV Cap that in-
cludes the NLS region resulting in reduced expression of the pro-
tein [13,21], and different isolates of BFDV Cap exhibiting
reduced solubility based on amino acid sequence [36]. Since the
aim of this study was to characterize the structural determinants
that mediate binding to the classical nuclear import receptor Impa,
Fig. 2. BFDV Cap NLS (magenta) binding the major site of mImpaDIBB (green). (A) Show
labeled side chains of the NLS amino acids bound to the major site. (C) Is a schematic r
binding site. Residues listed in the Impa pocket form bonds with corresponding BFDV
references to color in this figure legend, the reader is referred to the web version of thi

Please cite this article in press as: E.I. Patterson et al., Structural determination
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a peptide incorporating the N-terminal NLS region of BFDV Cap
was co-crystallized with recombinantly expressed Impa.

Recombinant expression of Impa that lacked the N-terminal
Importin-b binding (IBB) domain was over-expressed and soluble
to greater than 10 mg/L. Truncation of 69 N-terminal residues on
mImpaDIBB prevents autoinhibition of the protein by the IBB do-
main [37]. The remaining features of Impa, 10 armadillo (ARM)
motifs each comprised of a-helices H1, H2 and H3, and major
and minor binding sites on the H3 helices of ARM 1–4 and 6–8,
respectively, are present in mImpaDIBB [22,37–39]. Crystallization
of ImpaDIBB in complex with BFDV Cap NLS was performed by
co-crystallization of the peptide in a 2-fold molar excess to the
concentrated Impa molecule, as in Takeda et al. [39]. Diffraction
s the entire mImpaDIBB molecule with BFDV Cap NLS in the major site. (B) Shows
epresentation of the NLS residues occupying each pocket of the mImpaDIBB major

Cap NLS residues; P6 does not form a bond with Y18. (For interpretation of the
s article.)
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quality crystals were obtained after 2 weeks in crystallization
conditions.

Structural data from X-ray crystallography of mImpaDIBB in
complex with the 29 amino acid peptide of the BFDV Cap NLS
was analyzed and refined to 2.9 Å in the P212121 space group (Ta-
ble 1), and showed the Cap NLS in the major binding site of the
mImpaDIBB molecule (Figs. 2 and 3). Electron density for seven
amino acids of the Cap NLS was clearly discernible, corresponding
to NLSYRRRRRY18–24. Dissection of the binding profile of the BFDV
Cap NLS reveals a binding arrangement with six amino acids inter-
acting to residues in the major site of mImpaDIBB. At the P1 major
binding site of Impa, NLSArg23 interacts with mImpaDIBBAsn235
through hydrogen bonding. This is consistent with other P1 residue
motifs at this position that have shown to be able to accept several
amino acids [40]. At P2, NLSArg22 formed multiple interactions
with Impa; a salt bridge and hydrogen bond to mImpaDIBBAsp192,
and hydrogen bonds to mImpaDIBBSer149, mImpaDIBBGly150 and
mImpaDIBBThr155. P2 strongly prefers a Lys, which is shown to be
conserved among classical NLS sequences [17,18,22], therefore, NLS-

Arg22 is not an ideal binding partner, however, atypical NLS se-
quences that do not possess a Lys but a conserved Arg have been
shown to bind the major site of Impa [41]. The NLSArg21 residue
in the P3 site interacts with several residues on Impa including
mImpaDIBBTrp184, mImpaDIBBAsn188, and mImpaDIBBAsn228. The P3
site prefers an Arg or Lys but contributes less to the binding of
an NLS than P2 [18,42], which may explain the range of binding
residues among known NLSs [17]. The NLSArg20 bound in position
P4 provides the most stability and binds through hydrogen bonds
to mImpaDIBBArg106 and mImpaDIBBGlu107, although this residue
need not be specific and would be accepting of even a small hydro-
phobic residue [17]. Occupying P5 was NLSArg19 through hydrogen
bonds with mImpaDIBBTrp142, mImpaDIBBAsn146, and mImpaIBB-

Gln181. P5 prefers an Arg or Lys, matching that seen in BFDV
Cap NLS, and, along with P3 contributes the second highest energy
Fig. 3. BFDV Cap NLS (magenta) binding the major site of mImpaDIBB (green). (A–F)
respectively. Impa residues involved in binding are in green highlight and labeled. (For in
the web version of this article.)
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for binding following P2 [17,18]. The NLSTyr18 residue occupies po-
sition P6, although no bonding with mImpaIBB was observed, con-
sistent with previous observations that P6 will accommodate a
range of residues and is less important for binding [40]. In addition
to contacts within the Impa major binding site, NLSTyr24 formed a
hydrogen bond with mImpaIBBTrp231 in a potential linker region.
When viewing the sequence of the entire BFDV Cap NLS, the inter-
action of a region not containing a Lys residue may not be surpris-
ing, as molecules with extremely high affinity to Impa will act as
an inhibitor, and the of Arg residues present provide ideal binding
partners for most of the sites [43,44].

The structural determination of BFDV Cap NLS in complex with
mImpaIBB illuminated a pathway of nuclear localization for the
viral Cap. The BFDV Cap NLS was shown to bind to the major site
on the importin molecule. Additional residues outside of the NLS
region were not discernible from the electron density, likely be-
cause of a combination of flexibility in the region and the Impa res-
idues in the linker region being positively charged [22], repelling
the positively charged regions of the Cap NLS.

Several examples of NLSs binding to Impa have been investi-
gated and may be compared with the BFDV Cap NLS. Most notably,
characterization of simian virus 40 (SV40) large-T NLS with a wild-
type sequence of PKKKRKV binding to Impa major sites P0–P6,
respectively, showed that mutation of the Lys residue bound to
P2 to an Arg still allowed for nuclear localization and viral replica-
tion [18,45]. Additionally, mutation of the P3 bound Lys to Arg also
showed nuclear localization and viral replication. The mutated and
viable SV40 large-T NLSs, PKRKRKV and PKKRRKV, have very sim-
ilar sequences to the BFDV Cap NLS seen bound to the Impa major
site, as both have a bulky residue in P0, followed by basic residues
bound to P1–P5. This is in contrast to bipartite sequences Bimax1,
Bimax2, mCBP80, and yCBP80, which bind the Impa major and
minor sites, as well as the linker region [22]. These structures
solved by Marfori et al. [22] have similar sequences bound to the
show each BFDV Cap NLS residue involved in binding mImpaDIBB in sites P0–P5,
terpretation of the references to color in this figure legend, the reader is referred to
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major site, however, the residues separating the two NLS regions
have a large concentration of negatively charged amino acids,
allowing them to bind to the linker region. This negatively charged
region is not present in the BFDV Cap NLS or any other circovirus
NLS sequence. Of even greater contrast is the TPX2 NLS, which is
bipartite but preferentially binds the minor site [46]. The TPX2
NLS sequence contains only two basic residues, both Lys, bound
to the major site of Impa in positions P2 and P5.

Experiments by Heath et al. [13] were the first to show nuclear
localization of BFDV Cap, however, there has been no further eluci-
dation of the pathway, or any critical binding regions. In PCV2 an
NLS was identified by sequentially mutating groups of positively
charged amino acids in the NLS region [14]. Mutations in regions
that contained clusters of positively charged residues resulted in
decreased nuclear and increased cytosolic localization. Experimen-
tation to isolate the NLS in DuCV was similar to that seen in previ-
ous experiments with BFDV, using truncations of several amino
acids to determine the regions responsible for nuclear localization
[16]. Additional regions containing positively charged amino acids
likely play a role in DNA binding, thus, requiring large stretches of
positive residues to congregate in the N-terminal to ensure binding
to two molecules necessary for infection. Using this information to
guide drug or vaccine development may provide new classes of
therapeutics to limit efficient binding of the viral Cap to host mol-
ecules and control, specifically, BFDV, but also the entire range of
related viruses with significant veterinary and potential medical
impact.
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