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I. Abstract 
Baculoviruses are a family of viruses that infect insect larvae. The baculovirus lifecycle 

produces two distinct infectious particles: occlusion derived virions (ODV), and budded 

virions (BV). Late in the infection cycle, the ODV is encapsulated in a crystalline 

matrix to form an occlusion body. Each virion is composed a lipid membrane embedded 

with different sets of membrane proteins, and contains a conserved cylindrical protein 

shell (the capsid) that packages a circular dsDNA genome.  

Baculoviruses have been used to express protein for 30 years, and to control insect pest 

species for over 100 years. In spite of this, little is known about the structure of the 

capsid or its associated proteins. The structure of capsid of the baculovirus that infects 

the coddling moth, the Cydia pomonella Granulovirus (CpGV), is the subject of this 

thesis.  

To improve the understanding of the structural biology and assembly of the capsid, the 

major capsid protein, Vp39, and an associated protein kinase, PK-1, were expressed for 

biochemical characterisation. The capsid was also purified from occlusion body 

samples for visualisation using cryo-electron microscopy. 

Vp39 could be expressed as a soluble fusion protein and formed helical assemblies 

when cleaved in stabilising additives, which were characterised by electron microscopy. 

These helical assemblies allowed several aspects of Vp39 assembly to be revealed. The 

C-terminal of Vp39 was required for self-assembly, and Vp39 formed a disulphide-

linked oligomer. Two surface exposed cysteine residues that likely form this disulphide 

bond were identified by tandem mass spectrometry. 

Sequence analysis of the PK-1 from two genera of baculovirus–granuloviruses (GV) 

and nucleopolyhedroviruses (NPV)–revealed that GV PK-1 lacks a highly conserved 

protein kinase motif. CpGV PK-1 was shown to be active despite lacking these 

important functional residues, and mass spectrometry was used to characterise substrate 

peptides after phosphorylation. A 2.22 Å structure was determined using X-ray 

crystallography, which revealed that PK-1 forms a unique dimer that locks the enzyme 

into the typical kinase active conformation. 
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Chapter 1 Introduction 

1.1 Terminology 
Virion: An infectious viral particle. Baculovirus virions contain a circular dsDNA 

genome, a protein shell and lipid bilayer membrane. 

Occlusion body (OB): The structure consisting of one or more virions embedded within 

a crystalline matrix. Also referred to as: viral polyhedra, polyhedral occlusion body, 

polyhedral inclusion body, or inclusion body. 

Budded virion (BV): Baculovirus virions produced early in the infection that spread 

infection from cell to cell and do not become embedded within an occlusion body.  

Occlusion derived virion (ODV): Baculovirus virions produced late in the infection that 

are embedded within and later released from the crystalline matrix of the occlusion 

body.  

Nucleocapsid: The structure consisting of the DNA genome of the virus and the protein 

shell. 

Capsid: The protein shell of the virion. 

Membrane: The lipid membrane and associated proteins surrounding the capsid in the 

occlusion derived virion and budded virion. 

Polyhedral envelope (PE): The surface layer of the occlusion body. Also referred to 

within the literature as: calyx 
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1.2 Baculovirus introduction 
Baculoviridae is a widespread family of viruses infecting over 600 reported species of 

Lepidoptera, Hymenoptera and Diptera (Martignoni & Iwai, 1986), and was originally 

discovered as the causative agent of silkworm grassie disease (Rohrmann, 2013a). 

The nuclei of infected larvae were seen to contain numerous protein microcrystals 

referred to as occlusion bodies (OBs), which were later shown to contain enveloped 

virus particles termed occlusion-derived virions (ODVs) (Bergold, 1953). Similar 

occlusion bodies were associated with other insect larvae diseases including those 

affecting pest species such as the codling moth Cydia pomonella (C. pomonella) that 

feeds on pip-fruit, and the gypsy moth Lymantria dispar (L. dispar) that feeds on the 

foliage of hardwood trees, causing the so-called ‘tree-top’ disease.  

OBs are the most readily observable feature of a two-phase lifecycle, and function to 

protect the ODV embedded within the crystalline matrix. A second biochemically 

distinct virus particle was identified in the hemocoel of infected larvae, called the 

budded virion (BV). Each virion is composed of a circular, dsDNA genome packed into 

multi-protein capsid, surrounded by a lipid membrane together with a set of distinct 

membrane proteins (Miller, 2013). OBs are formed by the crystallisation of a protein 

matrix around the ODV-type virion (Arnott & Smith, 1967). 

Differences in occlusion body morphology and infection histopathology were used to 

classify Baculoviridae into two genera: nucleopolyhedroviruses (NPV) and 

granuloviruses (GV). DNA sequencing comparisons have now led to a revised 

phylogeny containing four genera: alpha, beta, delta and gamma-baculoviruses (Jehle 

et al., 2006). Most baculovirus research has been carried out on the type species of the 

alpha-baculoviruses, the multi-capsid NPV infecting the Alfalfa Looper moth 

Autographa californica (AcMNPV). This thesis focuses the C. pomonella GV (CpGV), 

the type species beta-baculovirus, as it produces a simple viral particle and is 

commercially available. 

Baculoviruses are used as insecticides and in biotechnology. Formulations of 

baculovirus OBs are used as insecticides to control a number of insect pest populations 

(Szewczyk, Hoyos-Carvajal, Paluszek, Skrzecz, & Lobo de Souza, 2006). Recombinant 

baculoviruses are widely used as vectors for protein expression in insect and 

mammalian cells (Kost, Condreay, & Jarvis, 2005), and have been promoted as a vector 
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for gene therapy (Hu, 2006; Rychlowska, Gromadzka, Bieńkowska-Szewczyk, & 

Szewczyk, 2011).  

In this chapter, I will discuss the current state of baculovirus research. This will be 

divided into four sections, describing: (1) the structure of the various infectious 

particles produced during the infection cycle, (2) the cellular lifecycle of the virus, (3) 

the evolutionary relationships between baculovirus species, and (4) the applications of 

baculovirus research. 

 

1.3 Structure of infectious baculovirus particles 
Many of the protein components of each of the particles produced during the 

baculovirus lifecycle have been identified. The crystal matrix protein, polyhedrin was 

the first protein to be identified, due to the abundance of the protein in the OB 

(Maruniak & Summers, 1978).  

The major protein components of the virions and capsids were identified through 

analysis by polyacrylamide gel electrophoresis (Tweeten, Bulla, & Consigli, 1980b). A 

more complete picture of the protein components of the envelope and nucleocapsid 

fractions of the BV and ODV has been revealed by mass spectrometry proteomics 

investigations (Deng et al., 2007; Hou et al., 2013; Wang, Deng, et al., 2010). Taken 

together, these studies show that the capsid and envelope is composed of dozens of 

proteins that vary between species, many of which have no known function. Figure 1-1 

shows a diagram of each infectious baculovirus particle type, labelling the major 

protein components. 
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Figure 1-1: Baculovirus infectious particles. This diagram shows the major conserved proteins of the baculovirus 

infections particles: the occlusion body, occlusion derived virion and budded virion. 

 

Only a handful of atomic structures of baculovirus structural proteins have been 

determined.  The structure of crystalline matrix protein polyhedrin has been produced 

from GV OBs using a free electron laser (Gati et al., 2017) as well as using synchrotron 

microbeam diffraction experiments on recombinant protein crystals (Coulibaly et al., 

2009). The membrane budded virion fusion protein Gp64 has been characterised in 

multiple conformations (Kadlec, Loureiro, Abrescia, Stuart, & Jones, 2008). The 

structure of a disulphide bond forming enzyme sulfhydryl oxidase has also been 

determined (Hakim, Mandelbaum, & Fass, 2011). 

The atomic structure of the nucleocapsid however remains poorly characterised. A low-

resolution model of the capsid was reconstructed from negative stain electron 

micrographs. Recently, cryo-electron micrographs of AcMNPV budded virions have 

been published, but no associated atomic model was determined (Wang et al., 2016). 

There are no crystallographic structures of the major capsid protein, but a few structures 

of capsid-associated proteins have been determined, for example the sulfhydryl oxidase 

p33, which has been detected associated with both the nucleocapsid and the virion 

membrane (Nie, Fang, & Theilmann, 2011). 

The following section will outline the overall arrangement of the baculovirus virions, 

the structure of the nucleocapsid, and the protective occlusion body. Where possible, 

the protein components and their respective functions will be described. 
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1.3.1 Virion structure 

Assembled nucleocapsids are surrounded by a lipid bilayer membrane embedded with 

different membrane proteins to form ODVs and BVs (Braunagel, Russell, Rosas-

Acosta, Russell, & Summers, 2003; Braunagel & Summers, 1994; Hou et al., 2013; 

Wang, Deng, et al., 2010). Figure 1-2 shows electron micrographs of the Spodoptera 

litura GV (SlGV) ODV, and the AcMNPV BV. 

 
Figure 1-2: Electron micrographs of ODV and BV. This figure shows representative electron micrographs of the 

ODV and BV. (A) A negative stain electron micrograph of the SlGV ODV. Scale bar 100 nm. This image has been 

reproduced from Beaton and Filshie (1976), with the publisher’s permission. (B) A cryo-electron micrograph of the 

AcMNPV BV. Scale bar 100 nm. This image has been reproduced from Wang et al. (2016), with the publisher’s 

permission. 

 

ODVs can contain either contain a single nucleocapsid, or multiple nucleocapsids per 

virion, which are designated as SNPV and MNPV respectively. Multi-capsid ODVs 

contain as many as 17 capsids per virion (Ackermann & Smirnoff, 1983). Baculovirus 

ODV range from 230 nm to 370 nm in length and 67 nm to 87 nm in diameter.  

The ODV lipid membrane is tightly associated with the capsid: transverse sections 

across the virion within an occlusion body show a number of concentric layers. These 

layers presumably consist of a layer of external domains of membrane bound proteins, 
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the lipid bilayer itself, and the nucleoprotein core of the virus (Arnott & Smith, 1967). 

Cryo-electron micrographs appear to show that the BV membrane is attached to the 

nucleocapsid only at the two ends of the capsid cylinder, which are studded by either 

one of two membrane proteins (Wang et al., 2016). 

The protein components of both the ODV and BV have been determined for the 

Helicoverpa armigra NPV (HaNPV) (Hou et al., 2013). Membranes were removed 

from purified virions with detergent and the samples were fractionated to separate the 

membrane proteins from the capsid proteins, and analysed by mass spectrometry. Table 

1-1 lists the proteins detected in the envelope, capsid or both fractions of the HaNPV 

ODV and BV. 

Only three membrane proteins were shared between the two virions E18, E25 and V-

ubiquitin.  

The remaining membrane proteins are unique to each virion and reflect the different 

function and cellular environment that each virion encounters. The ODV establishes 

primary infections in the columnar cells of the midgut while BVs spread the infection 

from cell to cell (Passarelli, 2011).  

The best-characterised examples of virion-specific proteins with a known function are 

the ODV per os infectivity factors (PIFs), and the BV membrane fusion proteins. PIFs 

are required to establish primary infections, and are involved in the binding of ODV to 

the microvilli of the brush border cells and internalisation into midgut epithelial cells. 

The PIF proteins form a complex on the surface of the ODV, composed of a stable core 

of four proteins, PIF 1-4, and several other PIFs loosely associated with the complex 

(Peng et al., 2012). While the PIFs are conserved across baculovirus species, 

differences in the structure of the PIF complex determine host specificity (Song et al., 

2016). 

Systematic infections are established by the spreading of BVs from the site of primary 

infection, to peripheral cells such as fat-body cells (McNeil et al., 2010; Passarelli, 

2011). BVs gain access to these cells by membrane fusion using one of two fusion 

proteins: the F protein or Gp64 (Wang et al., 2016). Gp64 is found exclusively in group 

I alpha-baculoviruses such as AcMNPV and Orgyia pseudotsugata MNPV (OpMNV), 



1.3 Structure of infectious baculovirus particles  Chapter 1: Introduction  

   7 

while the F protein is found across alpha, beta and delta-baculoviruses (Pearson, 

Groten, & Rohrmann, 2000).  

Occlusion derived virion Budded virion 

Envelope Env/Capsid Capsid Envelope Env/Capsid Capsid 
E18 (Ac143) Ha9 (Ac142) P6.9 (Ac100) E18 (Ac143) LEF6 (Ac28) P6.9 (Ac100) 
E25 (Ac94) Ha66 (Ac66) Vp39 (Ac89) E25 (Ac94) Gp37 (Ac64) Vp39 (Ac89) 
V-ubi (Ac35) Vp80 (Ac104) Ha44 V-ubi (Ac35) Gp41 (Ac80) Ha44 
P74 (Ac138) P78/83 (Ac9) P12 (Ac102) F (Ac23) Ha69 (Ac75) P12 (Ac102) 
PIF1 (Ac119) Ha100 C42 (Ac101) ChiA (Ac126) FGF (Ac32) C42 (Ac101) 
PIF2 (Ac22) FP25K 

 

Ha51 (Ac58) Ha68 (Ac74) Ha128 (Ac17) Ha51 (Ac58) 
PIF3 (Ac115) Gp41 (Ac80) Ec27 (Ac144)  P48 (Ac103) Ec27 (Ac144) 
PIF4 (Ac96) Ec43 (Ac109) 38K (Ac98)  PKIP (Ac24) 38K (Ac98) 
PIF5 (Ac148) VLF1 (Ac77) PEP (Ac131)   PEP (Ac131) 
PIF6 (Ac46) P33 (Ac92) P24 (Ac129)   P24 (Ac129) 
E66 (Ac46) Ha39 (Ac51) Vp1054 

 

  Vp1054 

 Vp91 (Ac83) Ha4 Ha45   Ha66 (Ac66) 
Ha72 (Ac78) Ha26 (Ac26) Ha52 (Ac60)   Vp80 (Ac104) 
SOD (Ac31) Ha74 (Ac81) Ha69 (Ac75)   P78/83 (Ac9) 

     Ha100  
     FP25K 

      Me53 (Ac139) 
     P26 (Ac126) 
     Ha57 

Table 1-1: Protein composition of HaNPV virions. This table lists the protein identified in the envelope, capsid or 

across both fractions fof the HaNPV ODV and BV. Proteins identified in both both virions are shown in bold text. 

Data in this table was derived from Hou et al. (2013). 

 

1.3.2 Nucleocapsid structure 

The nucleocapsid can be purified by treating either the ODVs or BVs with a non-

denaturing detergent, followed by density gradient centrifugation (Khosaka, Himeno, & 

Onodera, 1971). Figure 1-3 shows negative stain electron micrographs of purified 

nucleocapsids. Panel A shows the cylindrical capsid, which has two distinct end 

structures: a dome-like cap at one end (shown with a black arrow) and a claw-like base 

at the other. Panel B shows the fine structure of the cylinder, the periodic nature of 

which is shown by the optical diffraction pattern shown in panel C.  
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Figure 1-3: Negative stain electron micrographs of the baculovirus capsid. This figure shows details of the 

structure of the baculovirus capsid. (A) An electron micrograph of the AcMNPV capsid, showing the cylindrical 

body and the two distinct end structures, dome-like cap (shown with an arrow), and the claw-like base at the other 

end. This image has been reproduced from Au & Pante (2012), with the publisher’s permission. (B) A high 

magnification view of the cylindrical body of the Pthorimaea operculella GV capsid. Scale bar 50 nm. (C) Optical 

diffraction pattern showing the periodic nature of the capsid. Images (B and C) have been reproduced from Beaton 

and Filshie (1976), with the publisher’s permission. 

 

Nucleocapsids from different baculovirus species have been reported with lengths 

ranging between ≈ 230 nm to ≈ 410 nm (Ackermann & Smirnoff, 1983), which appears 

to correspond with the size of the genome (Rohrmann, 2013b). The capsids have a 

diameter of approximately 50 nm (Ackermann & Smirnoff, 1983). Analysis of SiGV 

optical diffraction patterns suggests the capsid is composed of a stacked-disc 

arrangement of capsid proteins with an inter-disc spacing of 4.4 nm, and 12 subunits 

per disc offset with a pitch angle of 55º (Burley, Miller, Harrap, & Kelly, 1982). Similar 

optical diffraction patterns were recorded from at least two NPVs, Bombyx mori NPV 

(BmNPV) and SlNPV, and two GVs, Phthorimaea operculella GV (PoGV) and Pieris 

rapae GV (PrGV), suggesting baculoviruses share a conserved capsid structure (Beaton 

& Filshie, 1976).  

The protein composition of the capsid appears to vary between baculovirus species, 

however a conserved capsid structure can be deduced by identifying proteins associated 

with capsids purified from both BV and ODV from a single species (Table 1.1), while 

taking into account the conservation of these proteins across all species of baculovirus 

(Miele, Garavaglia, Belaich, & Ghiringhelli, 2011). The conserved capsid proteins 

include: Vp39 (Blissard, Quant-Russell, Rohrmann, & Beaudreau, 1989; Pearson, 

Russell, Rohrmann, & Beaudreau, 1988; Roberts & Naser, 1982; Thiem & Miller, 



1.3 Structure of infectious baculovirus particles  Chapter 1: Introduction  

   9 

1989), p6.9 (Tweeten et al., 1980b), Vp1054 (Marek, Romier, Galibert, Merten, & 

Oers, 2013; Olszewski & Miller, 1997) and 38K (Wu et al., 2008). The two most 

abundant proteins of the nucleocapsid are Vp39 and p6.9, judged by Coomassie 

staining of SDS PAGE gels (Tweeten, Bulla, & Consigli, 1980a). 

Vp39 is a structural protein that forms the cylindrical body of the capsid (Russell, 

Pearson, & Rohrmann, 1991). Vp39 has a molecular weight ranging between 32 kDa 

and 39 kDa–the larger molecular weights due to the presence of glycine/ alanine or 

proline rich C-terminal extension in some alpha-baculovirus species (see figure 3-23). 

Little is known about Vp39–neither the domain structure nor the residues necessary for 

self-assembly or interactions with other proteins have been identified. Vp39 sequences 

show no homology to proteins with a known structure (http://www.rcsb.org/pdb/, 

accessed June 2017). A single glycine to serine mutation in HaNPV Vp39, G225S, is 

the only reported mutation of Vp39 that disrupts capsid assembly (Katsuma & 

Kokusho, 2017). Vp39 interacts with a number of additional viral proteins including 

38K, ODV-E56, IE-1 and polyhedrin, as well as cellular proteins such as actin (Goley 

et al., 2006; Lanier & Volkman, 1998; Lu, Qi, & Ge, 2002) and Kinesin-1 (Danquah, 

Botchway, Jeshtadi, & King, 2012).  

The other major protein component of the nucleocapsid is p6.9, which has been purified 

from the interior of the nucleocapsid under acidic conditions (Tweeten et al., 1980a). 

P6.9 is required for DNA packaging into capsids (Wang, Tuladhar, et al., 2010).  

P6.9 homologs range from between 49 to 109 residues, and have high arginine and 

serine content, similar to the protamine family of DNA binding proteins (Balhorn, 

2007). Arginine rich proteins are often involved in DNA condensation because the 

positively charged residues neutralise the negative charge of the DNA phosphate 

backbone (Brewer, Corzett, & Balhorn, 1999). Purified p6.9 also condenses DNA. 

When mixed, p6.9 and radiolabelled DNA form a complex with increased buoyant 

density compared to labelled DNA alone, as determined by centrifugation through 

sucrose and CsCl density gradients (Wilson & Consigli, 1985b).  

Extensive phosphorylation functions to alter the charge state of p6.9 and at least 11 

isoforms have been resolved from p6.9 purified from AcMNPV ODVs. Interestingly, 

p6.9 has been reported to undergo phosphorylation on arginine side chains, an 
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uncommon amino acid for phosphorylation (Liu et al., 2012). Phosphorylated p6.9 has 

a reduced ability to form a complex with DNA compared to unphosphorylated p6.9 

(Wilson & Consigli, 1985b). This behaviour is also seen following phosphorylation of 

protamines and synthetic arginine polypeptides (Willmitzer & Wagner, 1980). 

In addition to the DNA binding arginine rich N-terminal, p6.9 sequences contain a 

variable C-terminal motif, which is required for DNA packaging in the capsid (Wang, 

Tuladhar, et al., 2010). In AcMNPV, the deletion of p6.9 prevents the production of 

infectious BV. BV production could be rescued by the expression of lepidopteran or 

hymenopteran NPV p6.9, but not by GV p6.9, while chimeric constructs consisting of 

the N-terminal of GV p6.9 fused to the 11 C-terminal residues from AcMNPV p6.9 

could rescue the p6.9 null viruses (Wang, Tuladhar, et al., 2010). This suggests that 

p6.9 interacts with other capsid proteins through the p6.9 C-terminal motif, although no 

specific interactions have been identified.  

Several other conserved proteins have been reported to be associated with the capsid, 

including 38K and Vp1054. These proteins are necessary for capsid assembly, but the 

mechanisms are poorly understood. Recombinant baculovirus with deletion of or 

mutations in these proteins fail to produce infectious particles, and long, tube-like 

structures of Vp39 are visible in electron micrographs of thin sections of the infected 

cells (Marek et al., 2013; Wu et al., 2008), strongly suggesting these proteins control 

Vp39 oligomerisation into capsids.  

The protein: protein interactions of 38K have been investigated using the yeast two-

hybrid assay, which revealed that 38K interacts with a number of capsid proteins in 

addition to Vp39, including Vp1054 and Vp80 (Peng et al., 2010; Wu et al., 2008). 

Antibodies to 38K label the cylindrical body of the capsid (Wu et al., 2006). Taken 

together, these results suggest that 38K is a key protein in assembling the multi-protein 

capsid shell. Vp1054 is a homologous to a eukaryotic DNA binding protein, purine rich 

element binding protein α, a transcription activator that binds purine nucleotide rich 

sequences of single stranded DNA (Marek et al., 2013), suggesting that Vp1054 binds 

DNA.  

Less conserved proteins with known functions have also been identified as components 

of the baculovirus capsid, including PK-1 and p78/83. PK-1 is a protein kinase that is 

present in multiple lepidopteran baculoviruses (Luque, Finch, Crook, O’Reilly, & 
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Winstanley, 2001; Reilly & Guarino, 1994). Purified GV and NPV capsids have protein 

kinase activity (Miller, Adang, & Browne, 1983; Wilson & Consigli, 1985a). 

Activation of the protein kinase is believed to cause the extrusion of DNA from the 

capsid (Funk and Consigli 1992; Tweeten, Bulla, and Consigli 1980a; Wilson and 

Consigli 1985b). PK-1 antibodies label the nucleocapsid (Liang et al., 2013), which 

strongly suggests that PK-1 is the capsid associated kinase. Within infected cells, PK-1 

activity is required for the hyper-expression of late genes through phosphorylation of 

p6.9 (Li et al., 2015). Figure 1-4 shows a diagram depicting the proposed mechanism of 

PK-1 involvement in the release of DNA from the capsid and late protein hyper-

expression. 

 

 
Figure 1-4: PK-1 activty in the baculovirus lifecycle. PK-1 is proposed to exert its biological funciton throught the 

phosphorylation of p6.9, and protein involved in the condensation of DNA into the capsid, and within the virogenic 

stroma. Posphorylation of p6.9 by PK-1 causes dissociation of the p6.9 molecules from DNA, driving the expansion 

of the DNA genome within the capsid, and its subsequent release. Similarly, the dissociation of the p6.9 from 

baculovirus genomes in the virogenic stroma (a developmental structure described in section 1.4.2) would allow 

RNA polymerase to access the genomes and drive protein expression. 

 

The protein p78/83 is conserved across NPV. This protein is a viral homolog of the 

Wiskott Aldrich syndrome family of proteins, which polymerise F-actin through 

activation of the Arp2/3 complex (Machesky & Insall, 2001). P78/83 antibodies label 
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the claw-like base of the baculovirus capsid (Russell, Funk, & Rohrmann, 1997). 

Possible homologs have been identified in the Xestia c-nigrum GV (XcGV), Plutella 

xylostella GV (PxGV) and CpGV genomes, but the low sequence identity (24%), and 

size differences (552 amino acids in NPV c.f. 174 amino acids in CpGV) raise 

considerable doubt as to whether the protein is functionally equivalent (Luque et al., 

2001).  

 

1.3.3 Occlusion body structure 

Late in the infection cycle, nucleocapsids are synthesized in the fat-body cells of the 

virus. A lipid membrane embedded with the ODV specific membrane proteins surround 

the assembled nucleocapsids to form virions. The crystal matrix protein, polyhedrin 

(granulin in GV) then crystallises, incorporating virions into the crystal matrix to form 

occlusion bodies.  

Figure 1-5 shows thin section electron micrographs of the Plodia interpunctella GV 

(PiGV) and the Trichoplusia ni NPV (TnNPV). GV OBs have an elongated structure 

with a major axis of 340 – 370 nm and a minor axis of 190 – 200 nm. NPV OBs are 

larger, with a diameter of between 2 – 4 μm (Ackermann & Smirnoff, 1983). GV ODV 

are generally composed of a single capsid per envelope, with a single virion per OB. 

NPV polyhedra contain multiple ODV, often with multiple capsids per virion.  
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Figure 1-5: Representative Baculovirus occlusion bodies. This figure shows electron micrographs of thin sections 

of baculoviruses. (A) Occlusion bodies of the PiGV. Scale bar 0.5 µm. This image has been reproduced from Arnott 

and Smith (1968), with the publisher’s permission. (B) Occlusion bodies from the Trichoplusia ni (T. ni) NPV. Scale 

bar 0.5 µm. This image has been reproduced from Summers and Arnott (1969), with the publisher’s permission 

 

The crystal matrix protein, polyhedrin, is a highly conserved protein ranging between 

243 and 248 residues forming a protein of approximately 29 kDa (Rohrmann, 1986). 

Polyhedrin sequences between alpha-baculovirus species share at least 70% sequence 

identity, at least 50% identity between alpha- and beta-baculovirus species, and around 

40% identity between alpha- and gamma-baculovirus species. Delta-baculovirus 

polyhedrin appears unrelated (Perera et al., 2006). Below ≈ pH 11, polyhedrin is 

crystalline. Above this pH, the crystal matrix rapidly dissolves (Whitt & Manning, 

1987).  

Thin-sections of GV and NPV polyhedra show a surface layer termed the polyhedral 

envelope (Arnott & Smith, 1967; Chung, Brown, & Faulkner, 1980). Treatment of 

occlusion bodies with reducing agents releases a phosphorylated protein: the polyhedral 

envelope protein (PEP) (Whitt & Manning, 1988), suggesting this layer is disulphide 

bonded to an underlying matrix. An additional protein is associated with the polyhedral 

envelope in NPV OBs called p10 (Lee et al., 1996; Vlak et al., 1988). Homologs of 

p10, the N-terminal domain of PEP and chimeric proteins combining both domains are 

found in several GV (Escasa, Lauzon, Mathur, Krell, & Arif, 2006).  

The function of polyhedral envelope is poorly understood. Deletion of the p10 and PEP 

proteins produce viable occlusion bodies (Gross, Russell, & Rohrmann, 1994), and 
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Dipteran NPV occlusion bodies do not show evidence of having a polyhedral envelope 

(Moser et al., 2001). The crystal structure of the PEP N-terminal domain from CpGV 

has recently been determined in this laboratory by Dr Jason Busby (PDB accession: 

4YE7). 

 

1.3.4 Interactions of baculovirus proteins. 

Because the viral particles are composed of such a large number of proteins and there is 

no complete atomic structure available, the arrangement of proteins within the virions 

and nucleocapsid is poorly understood. However, a number of interactions between 

baculovirus proteins and cellular proteins have been characterised in HaNPV (Peng et 

al., 2010), which may help in understanding the structure of the capsid and the 

mechanisms of capsid assembly. Figure 1-6 shows a diagram outlining protein: protein 

interactions characterised in HaNPV. 

 
Figure 1-6: Protein to protein interactions of the HaNPV occlusion derived virion. This figure shows the protein 

to: protein interactions of the HaNPV ODV. This image has been reproduced from Peng et al (2010), with the 

publisher’s permission. Viral proteins are enclosed by circles, cellular proteins enclosed by squares. Virion proteins 

are in shaded grey. Protein to protein interactions identified by by Peng et al. are shown by the solid lines, while 

previously identified interactions identified by dashed lines. Conserved baculovirus proteins have been identified 

with an asterisk.  

 

1.4 Lifecycle and development of baculovirus  
As viruses lack the molecular machinery required to replicate, they must hijack a host 

cell to reproduce. This requires gaining access to the host organism, reproducing the 
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viral genome and packing the replicated genomes into newly synthesized capsids to 

produce virus particles. The viral particles must then be released from the infected host.  

Insect viruses are typically spread by the ingestion of infectious particles released in the 

environment. The seasonal nature of the insect populations means that a host may not 

ingest a virus particle for a considerable time and certain insect virus species such as 

baculoviruses and cypoviruses have adapted to survive outside the host by embedding 

the infectious virion within a stable protein crystal matrix (Coulibaly et al., 2007; Gati 

et al., 2017). The OB is the start and end-point of the infection cycle, initiating 

infections of insect larvae by releasing the ODVs within the crystal matrix and later 

being released into the environment. 

Baculoviruses also produce BVs that spread the infection from cell to cell. This section 

will review the current understanding of the baculovirus life cycle including: (1) the 

primary infection of the host, (2) viral reproduction, and (3) occlusion body formation 

and transmission. These processes have been studied in both NPV and GV, and while 

generally similar, some significant differences have been identified as will be described 

below. Figure 1-7 shows a diagram of the granulovirus lifecycle described in this 

section. 

 
Figure 1-7: The granulovirus lifecycle. OB: occlusion body; ODV: occlusion derived virion; Nu: nucleus; VS: 

virogenic stroma; C: capsid; NC: nucleocapsid; BV: budded virion and ER: endoplasmic reticulum. 
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1.4.1 Primary infections 

The crystal matrix of ingested OBs is rapidly dissolved by the alkaline larval midgut 

and further digested by an alkaline protease associated with the OBs (Payne & 

Kalmakoff, 1978; Wood, 1980). Within an hour of ingestion, the ODV is the only 

observable viral structure remaining in the midgut (Granados, 1978).  

The released ODV then encounter the peritrophic membrane, a protective proteoglycan 

matrix secreted by the midgut epithelium and surrounding the mid gut (Lehane, 1997). 

In insect species such as Orgyia pseudotsugata, the peritrophic matrix is porous enough 

to allow free passage of released virions (Adang & Spence, 1983). Baculoviruses 

infecting other viral species such as T. ni actively degrade the peritrophic matrix 

glycoproteins to gain access to the midgut epithelium. Different baculovirus species 

degrade the protein components of the peritrophic matrix with different specificity 

(Derksen & Granados, 1988). Proteolysis of the peritrophic membrane is catalysed by a 

class of metalloproteases called enhancins (Lepore, Roelvink, & Granados, 1996), 

which are also embedded within the OB (Slavicek & Popham, 2005). 

Within two hours post-infection, ODV are observed in association with the microvilli of 

midgut columnar cells, and enter through the fusion of the ODV and cellular 

membranes (Granados, 1978). Membrane fusion occurs through the binding of the 

ODV per os infectivity factor (PIF) complex on the surface of the ODV (Song, Wang, 

Deng, Wang, & Hu, 2008) with an as of yet unknown protein receptor on the cell 

surface (Horton & Burand, 1993). PIF0 is believed to bind the unknown receptor while 

PIFs 1 and 2 are the fusion proteins (Mu et al., 2014).  

Once endocytosed by midgut cells, NPV capsids are propelled from the cell periphery 

by actin polymerisation (Ohkawa, Volkman, & Welch, 2010), caused by p78/83 located 

at the base of the capsid (Goley et al., 2006). This generates actin tails in an ‘actin 

comet’ mechanism, with as many as eight actin tails nucleated at a given time (Mueller 

et al., 2014). GV capsids do not appear to possess a functional p78/83 protein homolog 

(Luque et al., 2001), and may instead use the microtubule network for transport within 

the cell. Nucleocapsids have been observed to align with the microtubule cytoskeleton 

upon entry into microvilli (Granados, 1978), and the capsid proteins Vp39 and Exon0 

interact with the microtubule transport protein kinesin-1 (Danquah et al., 2012). 
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Single-capsid NPVs and GVs establish primary infections in the midgut columnar cells. 

During multi-capsid NPV infections, some of the released capsids bypass the nucleus 

and bud through the midgut epithelium to infect the underlying regenerative cells 

(Flipsen, Martens, Van Oers, Vlak, & Van Lent, 1995). By rapidly establishing 

systemic infections, multi-capsid NPV are able to gain an evolutionary advantage in 

infecting insect species that slough midgut cells in response to infection, an adaptation 

seen in a number of insect species (Hoover, Washburn, & Volkman, 2000). 

DNA replication requires entry of the viral genome to the nucleus via the nuclear pore 

complex. This could occur through one of two mechanisms: (1) the nucleocapsid 

injecting the viral genome through the pore or (2) by the transport of whole capsids 

followed by DNA release. During infection of T. ni cells by TnGV, empty capsids were 

observed docked to the cytoplasmic surface of the nucleus, suggesting the injection of 

the genome through the pore complex (Summers, 1971). Alternatively, following 

infection of the same cell line with AcMNPV, DNA filled nucleocapsids were found in 

the nucleus suggesting the transport of the whole capsids (Granados & Lawler, 1981). 

Nucleocapsids have been observed in the nucleus of mammalian cells. As baculoviruses 

are unable to replicate in mammalian cells, this would generally require the transport of 

whole capsids into the nucleus (Au & Panté, 2012). 

DNA release from the capsid is thought to be caused by phosphorylation of the DNA 

binding protein p6.9 (Wilson & Consigli, 1985c) by the capsid associated protein 

kinase PK-1 (Liu et al., 2012), which lowers the affinity of p6.9 to DNA. The 

dissociation of phosphorylated p6.9 from the baculovirus genome would cause its 

expansion and extrusion from the capsid cylinder (see figure 1-4). 

The activation mechanism of PK-1 is uncertain. Capsid associated kinase activity 

requires either Mg2+ of Mn2+ and is inhibited by Zn2+ (Wilson & Consigli, 1985a). It 

has been reported that p6.9 purified from the PiGV ODV binds to Zn2+ (Funk & 

Consigli, 1992). These two observations led to the proposal that the zinc bound p6.9 

forms an inhibitory complex, and removal of the inhibitory Zn2+ by an unknown Zn2+ 

selective cellular chelator present in the nucleus may activate PK-1 (Funk & Consigli, 

1992), although this remains unproven. 

In the nucleus, the released viral genome coordinates the successive transcription of 

early, late and very-late baculovirus genes (Kool, Ahrens, Vlak, & Rohrmann, 1995). 



1.4 Lifecycle and development of baculovirus  Chapter 1: Introduction  

   18 

Early genes are transcribed by the host RNA polymerase II (Fuchs, Woods, & Weaver, 

1983), and encode genes required for DNA replication and late gene transcription (Kool 

et al., 1995). These include a variety of transcription activators, and the viral RNA 

polymerase (Guarino, Xu, Jin, & Dong, 1998). In model in vitro systems, transient 

expression of nine AcMNPV early genes was required for maximal DNA replication, 

and expression of an additional 10 genes is required for maximal late gene transcription 

(Rapp, Wilson, & Miller, 1998). The late genes typically encode structural proteins of 

the BV and ODV, while the very-late genes encode proteins required for occlusion 

body formation (Lu & Miller, 1995; Rapp et al., 1998).  

 

1.4.2 Nucleocapsid synthesis and secondary infection 

The synthesis of new nucleocapsids involves significant remodelling of the infected 

cell. Viral genome replication and processing, and capsid assembly occurs at a structure 

termed the virogenic stroma. The virogenic stroma is a virally induced chromatin-like 

reticular scaffold that forms within the nucleus of infected cells (Xeros, 1956), and is 

composed of DNA, RNA and protein components (Young, MacKinnon, & Faulkner, 

1993). The formation of this scaffold structure is induced by the expression of three 

baculovirus proteins (IE1, LEF3 and DNA helicase), in the presence of DNA 

containing particular baculovirus DNA motifs called ‘homologous regions’ (Nagamine, 

Kawasaki, & Matsumoto, 2006). Figure 1-8 shows thin-section electron micrographs of 

the virogenic stroma, with a magnified view of the site of capsid assembly where 

assembling capsid are visible. In panel B, partially DNA filled tubes and assembled 

nucleocapsids can been seen sticking out from the edge of the virogenic stroma (Arnott 

& Smith, 1967; Fraser, 1986). 
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Figure 1-8: Virogenic stroma and capsid synthesis. This figure shows thin section electron micrographs of the 

virogenic stroma. (A) The virogenic stroma formation following the infection of the Indian meal moth Plodia 

interpunctella (P. interpunctella) by PiGV. This image has been reproduced from Arnott and Smith (1967), with the 

publisher’s permission. (B) Capsid synthesis at the site of the virogenic stroma in Spodoptera frugiperda (S. 

frugiperda) cells infected with AcNPV. This image has been reproduced from Fraser (1987), with the publisher’s 

permission. 

 

The mechanisms of capsid assembly are poorly understood. Capsids assemble from at 

least two preformed components, a cylindrical protein shell composed of the major 

capsid protein Vp39, and a nucleoprotein complex associated with the dome-like cap 

(Fraser, 1986), which was shown in figure 1-3 A. The nucleoprotein complex appears 

to emerge from the DNA rich virogenic stroma, while Vp39 is recruited to empty 

spaces within the reticular scaffold by the minor capsid protein Vp1054 (Guan et al., 

2016). Following attachment of the nucleoprotein ‘cap’ complex to the empty capsid 

cylinder, DNA is packaged into the cylinder through an unknown mechanism (Fraser, 

1986). A number of the minor capsid proteins (p6.9, 38K, Vp1054 and PK-1) are 

required for packaging DNA and their deletion results in the accumulation of empty 

Vp39 tubes in the cell (Guan et al., 2016; Li et al., 2015; Wang, Tuladhar, et al., 2010; 

Wu et al., 2006). 

Infections in Diptera and Hymenoptera appear to be restricted to midgut cells (Moser et 

al., 2001), so unlike in lepidopteran NPV and GV, these infections do not form budded 

virions. In baculovirus species infecting these insect orders, synthesized nucleocapsids 

are retained within the cell to form OBs. The limited tissue tropism and lack of the 
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characteristic biphasic lifecycle in gamma-baculoviruses is reflected by a considerably 

smaller genome and the lack of either BV membrane fusion protein (Arif, Escasa, & 

Pavlik, 2011).  

Newly assembled capsids are transported away from the virogenic stroma to the cell 

periphery through one of several possible mechanisms. The capsid proteins Vp39, 

p78/83 and Vp80 interact with actin (Goley et al., 2006; Lanier & Volkman, 1998; 

Marek, Merten, Galibert, Vlak, & Oers, 2011). Vp80 is involved in the transport of 

DNA packaged capsids away from the virogenic stroma in S. frugiperda cells (Marek et 

al., 2011). Additionally, the capsid proteins Vp39 and Exon0 interact with the 

microtubule cytoskeleton via kinesin-1, which could provide an alternative method of 

nucleocapsid transport. Inhibition of microtubule polymerisation significantly reduces 

the number of budded virions released from infected T. ni cells (Danquah et al., 2012). 

As nucleocapsids bud through the cellular membrane, they acquire a lipid membrane 

embedded with viral fusion proteins required for secondary infection (Pearson, Russell, 

& Rohrmann, 2001). 

On exiting the midgut epithelium, BVs encounter a further protective physical barrier, 

the basal lamina. Budded virions either pass through the basal lamina directly in the 

hemocoel, or via the tracheal system to establish secondary infections (Passarelli, 

2011).  

Budded virions enter peripheral cells by clathrin-mediated endocytosis (Long, Pan, 

Kormelink, & Vlak, 2006). Capsids are released from the endosomal vesicles by pH 

dependent membrane fusion mediated by BV specific membrane proteins (Blissard & 

Wenz, 1992). The two fusion proteins, the F protein and Gp64, bind to different and as 

of yet unknown cellular receptors (Westenberg, Uijtdewilligen, & Vlak, 2007). Gp64 

mediated viral fusion confers a broader host range. AcMNPV, which uses Gp64, is able 

to infect over 30 larvae species and baculoviruses that use Gp64 as the fusion protein 

are able to transduce mammalian cell lines (Guo, Wang, Guo, & Lu, 2005) 

 

1.4.3 Occlusion body formation and transmission 

Upon spreading the infection to peripheral tissues, particularly fat body cells, budded 

virions induce further remodelling of infected cells for nucleocapsid synthesis and OB 
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formation. Nucleocapsid synthesis occurs similarly to that described in the previous 

section, with the exception that nucleocapsids are retained within the cell following 

synthesis. Nucleocapsids must acquire a lipid membrane from within the cell to form 

the ODV. NPV OBs form in the nucleus and nucleocapsids use the nuclear membrane 

as a lipid source (MacKinnon, Henderson, Stoltz, & Faulkner, 1974). GV OBs form 

following the breakdown of the nuclear membrane and nucleocapsids derive a lipid 

membrane from the endoplasmic reticulum in the cytosol (Arnott & Smith, 1967).  

Nucleocapsids align into hexagonal arrays on the surface of the lipid membrane source 

(Arnott & Smith, 1967; Fraser, 1986), and lipid buds from the membrane source to 

surround either a single nucleocapsid (for SNPV and GV), or multiple nucleocapsids 

(MNPV). The number of nucleocapsids contained in each virion is controlled by an 

unknown mechanism. 

Occlusion body formation occurs following the hyper-expression of two very-late 

genes, polyhedrin and a polyhedral envelope associated protein p10, 48 hours post-

infection (Lee et al., 1996). Hyper-expression of these very-late proteins requires p6.9 

to undergo high-levels of phXosphorylation (Li et al., 2015), which is regulated by PK-

1 (Li et al., 2015).  

Occlusion body formation occurs along with the formation of two subcellular 

structures, termed fibrous bundles (or masses) and electron dense spacers (Chung et al., 

1980; Summers & Arnott, 1969). In NPV, these two structures are associated with two 

proteins: p10 and the polyhedral envelope protein PEP. GVs express the PEP protein 

and chimeric proteins containing domains of both the PEP and p10 proteins (Tuque et 

al. 2001). The formation of the fibrous structures is dependent on the host microtubule 

cytoskeleton (Carpentier, Griffiths, & King, 2008). Both p10 and PEP are 

phosphorylated (Cheley, Kosik, Paskevich, Bakalis, & Bayley, 1992; Whitt & 

Manning, 1988), and p10 phosphorylation is reported to alter the association of the p10 

with microtubules by inducing conformational changes in the protein (Raza, 

McGouran, Kessler, Possee, & King, 2017). 

Over-expressed polyhedrin crystallises around enveloped ODV (Arnott & Smith, 1967), 

and a layer of protein originating from the fibrous bundles and electron dense spacers is 

deposited on the surface of the polyhedra (Chung et al., 1980). This layer is disulphide 

linked to the underlying surface of the occlusion body (Whitt & Manning, 1988). The 
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functional role of the polyhedral envelope proteins, both as a part of the subcellular 

structures and as a polyhedral envelope component remains unknown (Carpentier & 

King, 2009).  

Figure 1-9 shows thin-section electron micrographs of the polyhedral envelope being 

deposited onto the surface of the crystalline lattice, and the virally induced sub-

structures associated with this process (Summers & Arnott, 1969). 

 
Figure 1-9: Polyhedral envelope formation. This figure shows thin section electron micrographs of the polyhedral 

envelope being deposited onto the surface of the crystal matrix in T. ni cells infected by TnGV and TnNPV. (A) An 

assembling GV OB with the electron dense spacer. (B) The polyhedral envelope deposited onto the surface of an 

NPV OB, with a fibrous mass. MP: membrane-like profiles (also described as electron-dense spacers); NV: no-

virion; FM: fibrous mass. Images have been reproduced from Summers and Arnott (1969), with the publisher’s 

permission. Scale bar 500 nm. 

 

Baculovirus infections can induce behavioural changes to help spread the virus. During 

NPV infection of the gypsy moth L. dispar, larvae climb to elevated positions on trees 

to die (Doane, 1970). Altered locomotive behaviour has been attributed to two virally 

encoded enzymes: ecdysteroid UDP-glycosyltransferase (Han, van Houte, Drees, van 

Oers, & Ros, 2015), and a protein tyrosine phosphatase: PTP1 (van Houte et al., 2012). 

After death, viral enzymes such as a chitinase and a cysteine protease cathepsin 

catalyse the breakdown of the cellular matrix of larvae to release the occlusion bodies 

(Lima et al., 2013). 

Neither of these enzymes are conserved across all baculovirus species (Cory & Myers, 

2003), and other mechanisms of OB transmission have been observed that do not 
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require the disintegration of the larvae. These include the excretion of the OBs by live 

infected larvae, cannibalism of dead larvae (Vasconcelos, 1996), and through 

transmission by intermediate hosts such as birds, that feed on infected larvae and 

excrete infective OBs (Entwistle, Adams, & Evans, 1977).  

Occlusion bodies released into the environment can remain infective over a period of 

days depending on which environmental stresses they are exposed to, and infections can 

persist in a geographic region for years (Fuller, Elderd, & Dwyer, 2012). Occlusion 

bodies are sensitive to UV light, and significant reduction in infectivity is seen within 

only a few hours of exposure (Morris, 1971). Occlusion bodies remain in dead larvae, 

spread into soil or adsorbed to leaves, and when consumed, restart the infection cycle. 

 

1.5 Phylogeny, diversity and evolution 
Baculoviruses were originally divided into two genera: NPV and GV based on the 

morphology of the OBs and where they were formed in the cell. NPV occlusion bodies 

assemble in the nucleus of infected cells, are larger, and may contain multiple virions. 

GV are smaller, contain a single virion, and form following the breakdown on the 

nucleus. 

 

1.5.1 Phylogeny 

Baculovirus taxonomy has now been expanded to four genera based information from 

whole genome DNA sequence analysis (Jehle et al., 2006; Miele et al., 2011): Alpha-

baculoviruses (Lepidoptera specific NPV- Type species: AcMNPV), Beta-

baculoviruses (Lepidoptera specific GV- Type species: CpGV), Gamma-baculoviruses 

(Hymenopteran specific NPV- Type species: NeleNPV) and Delta-baculoviruses 

(Dipteran specific NPV- Type species: CuniNPV) (Jehle et al., 2006). Of the 57 

complete genome sequences analysed by Miele et al., 41 belonged to Alpha-

baculoviruses, 12 to Beta-baculoviruses, 3 to Gamma-baculoviruses and 1 to a Delta-

baculovirus (Miele et al., 2011). Alpha-baculoviruses have been further subdivided into 

two clades: group II and I. Figure 1-10 shows the currently accepted phylogenetic 

relationships of baculovirus species. 
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Figure 1-10: Baculovirus phylogenetic tree. This figure shows the evolutionary relationships between sequenced 

species of baculovirus,  and has been reproduced from Herniou and Jehle (2007), with the publisher’s permission. 

 

1.5.2 Diversity and evolution 

Genomes range in size from 81,755 bp (Neodiprion lecontei NPV) to 176,677 bp 

(Pseudaletia unipuncta GV-Hawaiian). The number Open Reading Frames (ORFs) 

(nucleotide sequences predicted to encode expressed proteins) ranges from 90 

(Neodiprion sertifer NPV) to 183 (Pseudaletia unipuncta GV-Hawaiian). From 57 

complete genomes, 895 different ORFs were identified, which showed varying degrees 

of conservation between the four genera. Only 37 ORFs are shared across all species 

(Garavaglia, Miele, Iserte, Belaich, & Ghiringhelli, 2012; Miele et al., 2011), 

representing 4.1% of unique baculovirus open reading frames. The conserved ORFs 

encode proteins necessary for DNA replication and transcription molecular systems, 

capsid structural proteins and the PIFs of the ODV envelope (Okano, Vanarsdall, 

Mikhailov, & Rohrmann, 2006), and are shown in table 1-2. 
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AcMNPV ORF CpGV ORF Gene name Description Location 

6 41 Lef-2 DNA polymerase associated factor  
8 1 Polyhedrin/Granulin Crystal matrix protein OB 

14 74 Lef-1 DNA polymerase associated factor  

22 48 PIF-1 Per os infectivity factor ODV 

 40 60 P47 RNA polymerase subunit  

50 131 Lef-8 RNA polymerase subunit  

53 134 Ac53 Ubox/Ring like domain  

54 138 Vp1054 Structural protein Capsid 

62 117 Lef-9 RNA polymerase subunit  

65 111 DNA pol DNA polymerase  

66 112 Desmoplakin Desmoplakin-like protein  

68 114 PIF-6 Per os infectivity factor ODV 

 77 106 Vlf1 Very late expression factor  

78 105 Ac78   

80 104 Gp41 Structural protein  

81 103 Ac81   

83 101 Vp95 (Vp91) Structural protein Capsid 

89 96 Vp39 Structural protein Capsid 

90 95 Lef-4 RNA polymerase subunit/ capping  

92 93 P33 Sulfahydryl oxidase  

93 92 P18   

94 91 Odv-e25   

95 106 P143 DNA helicase  

96 89 PIF-4 Per os infectivity factor ODV 

 98 88 38K Structural protein Capsid 

99 87 Lef-5 Transcription initiation factor  

100 86 P6.9 DNA condensing protein Capsid 

101 85 C42   

103 83 P48   

109 55 Odv-ec43  ODV 

 115 35 PIF-3 Per os infectivity factor ODV 

 119 48 PIF-2 Per os infectivity factor ODV 

 133 125 Alk exo Alkaline exonuclease  

138 60 P74 Per os infectivity factor ODV 

 142 15 49K   

143 14 Odv-e18  ODV 

 144 97 Odv-e27  ODV 

 148 18 Odv-e56 Per os infectivity factor ODV 

 Table 1-2: Conserved baculovirus proteins. This table lists the conserved baculovirus proteins, showing the ORF 

number in AcMNPV and CpGV, the gene name, function and location of nucleocapsid proteins. 
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Baculoviruses appear to be related to the Nudivirus genus of non-occluded arthropod 

viruses, and the Bracoviruses genus of symbiotic wasp viruses. The symbiotic 

relationship between Bracoviruses and their hosts allowed the genetic relationships of 

the viruses to be calibrated with the fossil records of the host wasp species, providing a 

molecular clock for dating the evolution of dsDNA insect viruses. These results suggest 

that Baculoviruses and Nudiviruses diverged from a common ancestor approximately 

310 million years ago (Theze, Bezier, Periquet, Drezen, & Herniou, 2011), coinciding 

with the emergence of complete metamorphosis in insects (Wiegmann et al., 2009).  

Following this divergence, it is likely that host-parasite coevolution has been a driving 

force baculovirus speciation–viruses infecting the same insect order are genetically 

more closely related than those infecting different insect orders (Miele et al., 2011). 

Differences in structure, lifecycle, and cytopathology described previously are likely 

the result of an evolutionary arms race between host and virus.  

 

1.6 Baculovirus use in agriculture and science 
Baculoviruses are used for a number of agricultural and scientific purposes, the two 

most common of which are as an insecticide, and as a tool for recombinant protein 

expression. Baculoviruses are also currently in preclinical studies as a delivery vector 

for gene therapy (Chen, Lin, Chen, & Hu, 2011; Rychlowska et al., 2011). A further 

potential biomedical use of baculovirus is as a capsid display tool, which is used to 

present foreign antigens to the MHC complex within specifically targeted cells 

(Molinari, Crespo, Gravisaco, Taboga, & Morón, 2011). 

 

1.6.1 Baculovirus insecticides 

Insects and their larvae cause an estimated one third of pest related crop losses, 

amounting to 12% of total losses (Pimentel et al., 1997), and globally are the second 

most common cause of forest disturbance, behind fire damage (van Lierop, Lindquist, 

Sathyapala, & Franceschini, 2015). Pesticide use increases the crop quality and yields, 

and expand the range of crops that can be grown (Cooper & Dobson, 2007). Synthetic 

pesticides are most commonly used, but concerns regarding the toxicity to farmers, 

consumers, and beneficial insect species have led to significant decreases in their usage. 
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The use of organophosphate pesticides has dropped from 71 to 33% of total sales in the 

United States between 2000 and 2012 (Atwood & Paisley-Jones, 2012). 

Microorganisms have long been known to play a role in regulating insect populations, 

which was promptly appreciated as a tool for controlling pest species. A baculovirus 

was determined as the causative agent of the ‘tree-top’ disease, or Wipfelkrankheit, 

originally described affecting the nun moth (Lymantria monacha) in German forests. 

The use of  the gypsy moth (Lymantria dispar) baculovirus was subsequently 

investigated for use in controlling outbreaks affecting North American hardwood 

forests (Reiff and Massachusetts State forester, 1911). Following the emergence of the 

spruce sawfly (Gilpinia hercyniae) as a pest in Canadian forests the accidental 

introduction of its NPV has permanently suppressed the pest population (Szewczyk et 

al., 2006). 

The high specificity of baculovirus infection means that beneficial insect species such 

as pollinators or predators of the pest are not affected. Applications of baculovirus OB 

suspensions are likewise non-toxic to mammals. Additionally, the stability of the 

occlusion bodies and horizontal transmission of the virus from insect to insect mean 

that baculovirus applications can result in persistent effects in the insect populations 

(Fuller et al., 2012). Large-scale applications of baculovirus formulations have been 

carried out against the codling moth (Cydia pomonella) that damages pip fruit such as 

apples and pears, the cotton bollworm (Helicoverpa armigra) that damages cotton, 

maize, tomato and tobacco and the velvet bean caterpillar (Anticarsia gemmatalis) that 

damages soybeans (Szewczyk et al., 2006). 

A number of limitations have prevented the widespread use of baculovirus polyhedra as 

bio-pesticides, such as a slow the speed of killing compared to conventional pesticides, 

virus specificity and limitations in supply. However, the use of baculoviruses to control 

pest species remains an active subject of research, and has been recently summarised in 

a review chapter by Szewczyk et al. (2013). 

 

1.6.2 Baculovirus protein expression system 

Recombinant protein expression is an invaluable tool in biology for investigating 

protein structure and function, and for production of enzymes and peptide therapeutics. 
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The most common method for protein expression is with E. coli, a simple, low cost 

expression system. However, not all proteins can be expressed in a soluble form in E. 

coli.  

The high expression of proteins under the very-late gene promoter during baculovirus 

infection, and the increased folding ability of insect cells suggested that baculoviruses 

could be a useful tool for general protein expression. This was idea was validated when 

human Interferon-β was expressed in S. frugiperda cells by transducing cultured cells 

with both the AcMNPV genome and a transfer vector containing the gene of interest 

(Smith, Summers, & Fraser, 1983).  

Several developments have improved recombination efficiency and the utility of 

baculovirus expression (Lin, Chen, & Hu, 2011), particularly the creation of the 

bacmid. Bacmids are artificial baculovirus genomes that can be propagated in both E. 

coli and insect cells that allow the efficient generation of recombinant baculoviruses 

through Tn7 transposase mediated site specific recombination, and selection by 

blue/white screening (Luckow, Lee, Barry, & Olins, 1993). The bacmid approach has 

been extended to allow the efficient production of multi-protein complexes through the 

modular addition of gene cassettes (Berger, Fitzgerald, & Richmond, 2004). 

The protein folding ability and ease of co-expression of multiple proteins in insect cells 

using baculovirus vectors has been put to effective use in the expression of integral 

membrane proteins for crystallisation and the generation of virus-like particles 

respectively. Of the 61 eukaryotic integral membrane proteins of which a crystal 

structure had been determined as of 2014, 34 had been expressed in either S. frugiperda 

or T. ni using a baculovirus vector (He, Wang, & Yan, 2014).  

Baculovirus expression has also been exploited to produce virus-like particles. Virus-

like particles are self-assembling structures composed of capsid proteins of a virus of 

interest, and are useful for investigating the assembly and maturation of viruses, and for 

developing non-infectious antigens for vaccine development. Virus-like particles of 

number of human and mammalian pathogens including Poliovirus, Human papilloma 

virus, Herpes simplex virus, Human Immunodeficiency virus and Ebola virus are 

produced using baculovirus expression (Liu, Wu, Li, Liu, & Wang, 2013). Most 

importantly, virus-like particles of cervical cancer associated HPV strains 16 and 18 are 
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expressed using baculoviruses and used as a vaccine under the trade name Cervarix 

(GlaxoSmithKline) (Monie, Hung, Roden, & Wu, 2008).  

Baculoviruses that use the Gp64 envelope fusion protein (such AcMNPV) are also able 

to transduce mammalian cells in culture. This has allowed the development of a 

baculovirus based protein expression system for mammalian cells, called BacMam 

(Condreay, Witherspoon, Clay, & Kost, 1999). Transient protein expression can be 

induced in mammalian cells by combing a bacmid with an expression cassette featuring 

a mammalian recognised promoter, such as Rous sarcoma virus promoter (Boyce & 

Bucher, 1996) or Cytomegalovirus promoter (Kost et al., 2005).  

 

1.2 Thesis overview 
This project focuses on the investigation of the major baculovirus capsid associated 

proteins. Following preliminary expression testing of baculovirus capsid proteins 

(Vp39, 38K, Vp1054, p6.9 and PK-1) in E. coli and Sf9 insect cells, two proteins were 

identified for further experiments: the major capsid protein Vp39, and the capsid 

associated protein kinase PK-1.  

Chapter 2 describes general techniques used throughout this research for cloning, 

protein expression and purification, and protein biochemistry. 

Chapter 3 describes investigations carried out on the major capsid protein Vp39. These 

experiments focus on developing a protocol for the soluble expression of Vp39 as a 

maltose binding protein (MBP) fusion construct, and purification by nickel affinity 

chromatography using a, N-terminal His6-tag. Following purification, electron 

microscopy experiments were used to identify buffer conditions that would induce the 

formation of helical arrays of the cleaved protein. Further experiments were carried out 

to identify regions involved in Vp39 self-assembly. 

Chapter 4 describes the expression and purification of PK-1, and the determination of 

its atomic structure by X-ray crystallography. Sequence analysis reveals that GV 

homologs of PK-1 lack a series of highly conserved and catalytically important 

residues. Catalytic activity was confirmed, and mass spectrometry experiments were 

used to characterise the substrate molecules. Comparisons of this structure to previously 
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determined structures of protein kinases reveal that PK-1 is locked into a constitutively 

active conformation by a unique dimeric interface. 

Chapter 5 describes the purification of CpGV nucleocapsid, and preliminary 

visualisation using cryo-electron microscopy, however no atomic structure could be 

determined. A comparison of the recombinant helical assemblies produced in chapter 3 

and the purified capsids reveal significant differences between the two structures. 

Chapter 6 summarises the results of this thesis, and puts them into the context of virus 

self-assembly and the baculovirus lifecycle. 
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Chapter 2 Materials and general methods 
General chemicals used during this research were purchased from Axygen, Union City, 

CA, USA; Bio-Rad, Hercules, CA, USA; GE Life Sciences, Chicago, IL, USA; 

Invitrogen, Carlsbad, CA, USA; Hampton Research, Aliso Valley, CA, USA; 

MiTeGen, Ithica, NY, USA; Molecular Dimensions, Cambridge, UK; New England 

Biolabs, Ipswich, MA, USA; Promega, Madison, WI, USA; Roche, Basel, Switzerland; 

Sigma Aldrich, St Louis, MO, USA; Takara, Shiga, Japan; and Thermo Fisher 

Scientific, Waltham, MA, USA. 

 

2.1 DNA and protein sequences and bioinformatics 
The capsid proteins shown in table 2-1 were cloned for expression testing in E. coli. 

DNA coding for the protein of interest was either synthesized using the GeneArt gene 

synthesis service (ordered through https://www.thermofisher.com), or amplified from 

GV genomic DNA, which was provided by Professor Johannes Jehle.  

Gene  NCBI gene ID  Uniprot ID Results summary 

Vp39 921487 A0A097P217 

 

Discussed in Chapter 3 
PK-1 921412 A0A097P1P8 

 

Discussed in Chapter 4 

P6.9 921475 A0A097P231 

 

Protease sensitive 

Vp1054 921453 A0A097P230 

 

Low yield 

38K 30685079 A0A097P2C8 

 

Low yield 

Table 2-1: Baculovirus genes selected for expression trials.  

 

Predicted molecular weights, extinction coefficients and isoelectric points were 

calculated using the ProtParam program (Gasteiger et al., 2005). Virtual cloning and 

sequence analyses were performed in Geneious version 7.1.6 

(http://www.geneious.com, Kearse et al. 2012). Multiple sequence alignments were 

produced using the MUSCLE algorithm (Edgar, 2004) in the Geneious package.  
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2.2 Cloning 

2.2.1 DNA analysis 

DNA was analysed by agarose gel electrophoresis and visualised with ethidium 

bromide (EtBr). Gels were cast from molten 1% W/V agarose dissolved in Tris-acetate-

EDTA (TAE) buffer (40 mM Tris acetate pH 8.0, 10 mM EDTA) with 5 μL of EtBr (10 

μg mL-1 stock solution, Bio-Rad) mixed into the setting gel. The gels were cooled to 

room temperature before use. The solidified gels were submerged in TAE buffer in a 

Mini-Sub cell GT cell electrophoresis system (Bio-Rad), and loaded with 10 μL of 0.5 

μg μL-1 1 kB Plus DNA Ladder (Invitrogen). DNA samples mixed with 6 x DNA 

loading dye (60% V/V glycerol, 10 mM Tris-HCl pH 7.6, 0.03% V/V bromophenol 

blue, 0.03% V/V xylene green FF). Gels were ran at 100 mA until the dye front had 

travelled half of the length of the gel, then visualised using a Gel Doc XR+ system 

(Bio-Rad). DNA concentration was measured by using a Nanodrop spectrophotometer 

(Thermo Fisher Scientific), to measure absorbance at 260 nm. 

 

2.2.2 Tris-Borate-EDTA polyacrylamide gel electrophoresis 

Tris-Borate-EDTA-polyacrylamide gel electrophoresis (TBE-PAGE) was used to 

analyse DNA: protein interactions (Hellman & Fried, 2007). A 10 x stock solution of 

TBE buffer (1 M Tris base, 1 M boric acid, 0.02 M EDTA) was prepared for casting 

gels, and then diluted to make a 1 x solution for use as the running buffer. Table 2-2 

lists the components to make 8% TBE gels, which were cast without a stacking gel. 

Resolving Gel 8% 

MQ H2O 28.4 mL 
30% Acrylamide 15 mL 

10x TBE Buffer 15 mL 

10% APS 300 μL 

TEMED 30 μL 

Table 2-2: Components of TBE PAGE gels. 

 

Samples were diluted in half with a loading solution consisting of 30% glycerol, 50 mM 

citrate pH 5.0, and 200 mM NaCl. Gels were pre-equilibrated in TBE running buffer for 

one hour at 50 V and 10 mA, the DNA/protein samples added, and electrophoresed for 

a further 120 minutes. Gels were stained with 5 µL of EtBr (10 mg mL-1 stock 



2.2 Cloning  Chapter 2: Materials and general methods  

   33 

solution), diluted in 50 mL of TBE buffer and visualised using Gel-Doc XR+ imaging 

system (Bio-Rad). 

 

2.2.3 Plasmids  

The vectors used for cloning and expressions of proteins in E. coli are listed in table 2-

3. Laboratory stocks of plasmids were stored in Tris-EDTA (TE) buffer (10 mM Tris, 1 

mM EDTA, pH 8.0) at -20 ˚C.  

Plasmid- E. coli Function Antibiotic selection 

pDONR221 Gateway donor (E. coli) Kanamycin 
pDEST566 MBP-tag expression (E. coli) Ampicillin 

Table 2-3: Plasmids used for protein expression. 

 

2.2.4 PCR amplification 

Genes of interest were amplified from either CpGV genomic DNA or plasmid DNA 

templates using the polymerase chain reaction (PCR) (Mullis et al., 1986). Reactions 

were carried out using PrimeStar HotStart DNA polymerase (Takara) according to the 

manufacturer’s instructions. Temperature cycling was controlled using a Mastercycle 

Pro-S PCR machine (Eppendorf). Primer melting temperatures were calculated using 

SerialCloner, and PCR conditions were optimised by generating a 20 ˚C gradient across 

the heat block, 10 ˚C above and below the calculated melting temperature. DNA 

amplification was confirmed using agarose gel electrophoresis and the reaction product 

purified using a commercial PCR clean-up kit (Axygen) according to the 

manufacturer’s instructions. Table 2-4 lists the components of a typical 50 µL reaction, 

and outlines a typical PCR protocol. 
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Reaction Component Volume Final Concentration 

PCR 50 μL total  
5X PrimeStar Buffer 10 μL 1X 

dNTP’s (2.5 mM each) 4 μL 200 μM each 

Forward primer (10 μM) 1.5 μL 0.3 μM 

Reverse primer (10 μM) 1.5 μL 0.3 μM 

Template DNA (5-20 ng μL-1) 0.5 μL <10 ng 

PrimeStar DNA polymerase (2.5 U μL-

 

0.5 μL 1.24 U 

MQ H2O 32 μL  

Cycle Duration Temperature 

Initial denaturation (1 cycle) 2 minutes (Plasmid),  
5 minutes (Genomic DNA) 

98 ˚C 

Amplification (30 cycles) Denaturation - 20 seconds 
Annealing - 20 seconds 
Elongation - 1 minute/ kb 

98 ˚C 
Primer Tm ± 10 ˚C 
72 ˚C 

Final elongation (1 cycle) 5 - 10 minutes 72 ˚C 

Table 2-4: PCR reaction composition and protocol. 

 

2.2.5 PCR primers 

DNA oligonucleotide primers were designed to complement with sequence of interest 

with a melting temperature of at least 50 ˚C and ending with at least two C/G bases. 

Oligonucleotides were ordered from Integrated DNA Technologies 

(http://sg.idtdna.com/). Table 2-5 lists the primer sequences used during this research. 
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Name Sequence 

Generic primers  

Gateway_F 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA AAA CCT GTA TTT TCA 
GGG CAG CGG CGC G -3’ 

Gateway_R 5’- GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC -3’ 

T7_pro 5’- TAA TAC GAC TCA CTA TAG GG -3’ 

T7_term 5’- GCT AGT TAT TGC TCA GCG G -3’ 

MBP_internal_1 5’- ACC TGG GAA GAG ATC CCG -3’ 

MBP_internal_2 5’- TAA AGA CAA ACC GCT GGG T -3’ 

  

Vp39 (Chapter 3)  

Vp39_F 5’- GGC AGC GGC GCG ATG GAT GTG GTT ACC TAT -3’ 

Vp39_R 5’- GAA AGC TGG GTC TTA AAC AAC GGT CTG AAC -3’ 

Vp39_C-term_del 5’- GGC AGC GGT ACC CAC CCA GCT TTC TTG TAC AAA G -3’ 

Vp39_1-245 5’- GAA AGC GGT ACC TTA TTT CGG CTG CAG AAT CGG ATT ATC -3’ 

  

PK-1 (Chapter 4)  

PK-1_F 5’- GGC AGC GGC GCG ATG AAT CCC AGT AAA TCC -3’ 

PK-1_R 5’- GAA AGC TGG GTG TTA AAA ACA TAA AAA TGG GTG -3’  

PK-1_rescue_F 5’- GGC AGC CCC GGG AAC ACA AAC GGT TTG TGG G -3’ 

PK-1_rescue_R 5’- GGC AGA GGC CTT CTT CTT GCA TAA ATA CAC ACT ACT ATA AGA CTC -3’ 

Table 2-5: PCR primers. 

 

2.2.6 Gateway cloning 

The Gateway system (Hartley, 2001) is a site-specific recombination based cloning 

system that allows a gene to be transferred from a single cloning vector (the pDONR 

vectors) to multiple expression vectors (the pDEST vectors). This allows different 

expression systems and constructs to be tested efficiently without re-cloning the donor 

DNA. Gateway cloning protocols were carried out following the manufacturer’s 

instructions (Invitrogen).  

Briefly, the Gateway site-specific recombination ‘Att’ sequences were introduced into 

DNA sequences by a two-step nested PCR protocol using a pair of gene specific 

primers, and Gateway generic primers. The amplified gene with Att site-specific 

recombination sites flanking the gene of interest was then inserted into the donor vector 

via the ‘BP’ reaction.  
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Following purification of the recombinant pDONR221 plasmid, the gene of interest was 

subsequently transferred into a pDEST expression vector via the ‘LR’ reaction. Purified 

plasmids were then transformed in expression strains of E. coli for expression testing. 

Both the BP and LR reactions were incubated overnight at room temperature, and 

ended by digestion with Proteinase K at 37 ˚C for 10 minutes. Both reaction mixtures 

were transformed into DH5α E. coli cells by electroporation, spread on an LB-agar 

plate and incubated at 37 ˚C for 14 hours. Single colonies were picked and used to 

inoculate a 3 mL culture, which was grown for 14 hours at 37 ˚C. Plasmid DNA was 

purified from the 3 mL overnight culture using a commercial mini-prep purification kit 

(Axygen) following the manufacturer’s instructions. Table 2-6 shows the reaction 

components of typical 10 µL Gateway reactions. 

Reaction Component Amount  

Gateway BP reaction 10 μL Total  
Empty pDONR221 vector (150 ng μL-1) 1 μL 

Insert DNA 100 fmol 

BP clonase II 2 μL  

MQ H2O Made to 10 μL 

Gateway LR reaction 10 μL Total 
pDONR221 vector (150 ng μL-1) 1 μL 

Destination vector DNA (150 ng μL-1) 1 μL 

LR clonase II 2 μL  

MQ H2O Made to 10 μL 

Table 2-6: Components of Gateway recombination reactions. 

 

2.2.7 Restriction-ligation cloning 

Restriction-ligation cloning was used when Gateway recombination cloning failed. 

Enzymes were purchased from New England Biolabs, Roche and Sigma Aldrich. 

Restriction digests were carried on plasmid vectors and PCR amplified gene inserts (see 

sections 2.2.4 and 2.2.5) at the manufacturer’s recommended temperature (typically 37 

˚C), in the recommended buffer for 3 hours. To prevent vector self-ligation when 

cloning into a single restriction site, 0.5 µL of calf intestinal alkaline phosphatase was 

added to the reaction during the last 20 minutes. Table 2-7 lists the components of 

typical restriction digest reactions. 
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Reaction Component Amount Final Concentration 

Vector Digest 50 μL Total  5 μg Total 
Vector DNA 5 μg 100 ng μL-1 

Restriction enzyme 1 1.5 μL (15 U) 0.3 U μL-1 

Restriction enzyme 2 1.5 μL (15 U) 0.3 U μL-1 

10X Buffer 5 μL 1X 

MQ H2O Made to 50 μL  

Insert Digest 40 μL Total 2 mg Total 
Insert DNA 2 μg 50 ng μL-1 

Restriction enzyme 1 1.2 μL (15 U) 0.3 U μL-1 

Restriction enzyme 2 1.2 μL (15 U) 0.3 U μL-1 

10X Buffer 4 μL 1X 

MQ H2O Made up to 40 μL  

Table 2-7: Components of restriction digest reactions 

 

Complete digestion of the vector was confirmed using agarose gel electrophoresis. 

Digested vectors and inserts were purified using a commercial PCR clean-up kit 

(Axygen) according to the manufacturer’s instructions.  

Ligation reactions were carried out using a 3:1 molar ratio of insert to vector at RT, 18 

˚C, and 4 ˚C for at least 2 hours at each temperature to promote annealing of the 

overlapping ends. Ligation reactions were then diluted 5 fold in MQ H2O, and T4 DNA 

ligase was deactivated by heating to 65 ˚C for 10 minutes (Ymer, 1991). Ligation 

reactions were then transformed into DH5α E. coli cells by electroporation, spread onto 

an LB-agar plate and incubated at 37 ˚C for 14 hours. Single colonies were picked and 

used to inoculate a 3 mL starter culture, which was grown for 14 hours at 37 ˚C. 

Plasmid DNA was then purified using a commercial mini-prep purification kit 

(Axygen) following the manufacturer’s instructions. Table 2.8 lists the components of a 

typical 10 µL ligation reaction. 

Reaction Component Amount  

Ligation 10 μL Total  
Vector DNA 25 fmol 

Insert DNA 75 fmol 

T4 Ligase 1 μL  

10X Buffer 1 μL 

MQ H2O Made to 10 μL 

Table 2-8: Components of ligation reactions. 
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2.2.8 Restriction enzyme mediated inverse PCR mutagenesis 

A restriction enzyme mediated inverse PCR (Stemmer & Morris, 1992) based protocol 

was used to clone deletion mutants, and to correct mutations introduced during the 

cloning process. Pairs of inverted tail-to-tail primers were designed to flank the deleted 

region and insert a unique restriction site. The whole plasmid was amplified by PCR as 

a linear strand, and the product was purified using a commercial PCR clean-up kit 

(Axygen). Purified DNA was then digested with the appropriate restriction enzyme 

generating compatible ends at each end of the linear sequence. Self-ligation of the 

linear DNA reproduced a circular plasmid for transformation. DpnI was added to the 

ligation mix before transformation to reduce background levels of un-mutated inserts. 

Ligation reactions were then transformed into DH5α E. coli cells by electroporation, 

spread onto an LB-agar plate and incubated at 37 ˚C for 14 hours. Single colonies were 

picked and used to inoculate a 3 mL starter culture, which was grown for 14 hours at 37 

˚C. Plasmid DNA was then purified using a commercial mini-prep purification kit 

(Axygen) following the manufacturer’s instructions.  

 

2.2.9 Colony PCR 

Colony PCR was used to identify transformed colonies bearing the desired insert. 

Inserts were amplified using Kappa 2G HotStart DNA polymerase ready-mix (Kapa 

Biosystems). Colonies were picked using a pipette tip and suspended in 20 μL of MQ 

H2O, which was used as the template DNA for the reaction. Primers that were 

complementary to both the vector and the insert were used to identify inserts with the 

correct orientation. Samples were analysed by agarose gel electrophoresis to confirm 

the amplification of the insert. Table 2-9 lists the components and protocol for a typical 

15 μL reaction. 
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Reaction Component Amount Final Concentration 

Colony PCR  15 μL total  
2X Kappa 2G HotStart ready mix  7.5 μL 1X 

Forward primer (10 μM) 0.5 μL 0.33 μM 

Reverse primer (10 μM) 0.5 μL 0.33 μM 

Resuspended colony – template DNA  2.0 μL  

MQ H2O 4.5 μL Made to 15 μL 

Cycle Duration Temperature 

Initial denaturation (1 cycle) 2 minutes  98 ˚C 

Amplification (30 cycles) 
Denaturation - 15 seconds 
Annealing - 15 seconds 
Elongation - 30 seconds/ kb 

98 ˚C 
Primer Tm 
72 ˚C 

Final elongation (1 cycle) 2 minutes 72 ˚C 

Table 2-9: Components and protocol of a typical colony PCR reaction.  

 

Resuspended bacteria colonies that produced amplified PCR products migrating with 

the expected insert size were used to inoculate a 3 mL starter culture, which was grown 

for 14 hours at 37 ˚C. Plasmid DNA was then purified using a commercial mini-prep 

purification kit (Axygen) following the manufacturer’s instructions. Purified plasmids 

were sent for Sanger sequencing at the Centre for Genomics, Proteomics and 

Metabolomics at the University of Auckland, and were stored at -20 ˚C. 

 

2.3 Bacterial culture 

2.3.1 Bacterial cell Strains 

Table 2-10 lists the bacterial strains used for cloning and protein expression. 

E. coli strain Antibiotic selection Purpose 

DH5α - Cloning  

BL21 (DE3) - Expression 

Rosetta 2 Chloramphenicol Expression 

Table 2-10: E. coli strains used for recombinant expression. 

 

2.3.2 Bacterial culture media 

The following media were used for culturing bacteria. 

Lysogeny Broth medium: Small-scale culturing and protein expression was carried out 

using Lysogeny broth (LB) media. LB was prepared from premade LB broth base 
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(Invitrogen). Twenty grams of the powder was added per litre of MQ H2O to give a 

final solution equivalent to 10 g peptone, 5 g yeast extract and 5 g NaCl (2.0 % W/V 

peptone, 0.5 % yeast extract, 10 mM NaCl). Media was made up to volumes of 750 mL 

in 2 L baffled flasks and autoclaved before use. 

LB-Agar: Bacterial transformations were carried out on LB-Agar plates. LB-agar was 

prepared by adding 4.5 g of Select Agar (Invitrogen) to 300 mL of LB media. 

Autoclaved media was stored at room temperature as a gel and melted in a microwave 

before use. Molten agar was left at room temperature until it became cool enough to 

touch, before antibiotics were added, and 25 mL of LB agar was poured into a 100 mm 

diameter plastic petri dish. 

SOC medium: Where necessary during cloning stages, transformation efficiency was 

increased by recovering transformed ligation reactions with super optimal broth with 

catabolite repression (SOC) media. SOC media is based on super optimised broth 

(SOB) (2.0 % W/V tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM 

MgCl2), which was prepared and autoclaved. Glucose was added to the SOB media (20 

mM final concentration) and was sterile filtered using a 0.22 µm cut-off syringe filter, 

dispensed into 1 mL aliquots and stored at -20 ˚C. 

 

2.3.3 Protein expression stock solutions 

Antibiotics and IPTG were purchased from Sigma Aldrich and stored at -20 ˚C before 

use. 1000 x stock solutions were dissolved in the appropriate solvent and sterile filtered 

using a 0.22 µm cut-off syringe filter and stored in 1 mL aliquots at -20 ˚C. Table 2-11 

lists the stock solutions used during protein expression. 

Chemical Concentration (mg mL-1) Solvent 

Ampicillin 100 H2O 
Chloramphenicol 34 EtOH 

IPTG 238 H2O 

Table 2-11: Protein expression stock solutions.  

 



2.4 Transformation  Chapter 2: Materials and general methods  

   41 

2.4 Transformation 

2.4.1 Electrocompetent cell culturing 

Electrocompetent cells were used to improve transformation efficiency. Table 2-12 lists 

materials that were sterilised before preparing electrocompetent cells. The cells were 

prepared using a density step centrifugation protocol described as follows (Warren, 

2011).  

Materials Use 

500 mL of LB in a baffled flask. Cell growth media 
SLC-4000 centrifuge bottle Harvesting cells 

100 mL of MQ H2O Cell resuspension 

100 mL of 20% glycerol, 1.5% mannitol solution 
 

Density media  

Table 2-12: Sterilised material for electrocompetent cell preparation. 

 

Cells were scraped from a glycerol stock stored at -80 ˚C and streaked onto an agar 

plate with the appropriate antibiotics, then incubated for 14 hours at 37 ˚C. A single 

colony was picked and used to inoculate a 3 mL starter culture, which was grown for 14 

hours at 37 ˚C. The starter culture was used to inoculate the 500 mL culture and was 

grown at 37 ˚C.  

The autoclaved SLC-4000 centrifuge bottle, MQ H2O, glycerol/mannitol solutions, and 

4 x 50 mL Falcon tubes were chilled on ice. 

When the culture had grown to an OD600 of between 0.5 and 0.7 the flask was chilled 

on ice, then centrifuged for 10 minutes at 2,000 rcf using a Sorvall RC-4+ centrifuge. 

The following steps were carried out in a 4 ˚C cold room, and where possible, all steps 

were carried out on ice. The cell pellet was resuspended in the chilled MQ H2O and 

divided into the 4 Falcon tubes. The cell suspension was then displaced by pipetting 10 

mL of the glycerol/mannitol solution underneath the cell suspension using a serological 

pipette. 

The four tubes were then centrifuged for 10 minutes at 2000 rcf at reduced acceleration 

and deceleration rates in a swing out bucket desktop centrifuge. The MQ H2O and 

glycerol/mannitol supernatant layers were carefully removed. The cell pellets were 

resuspended in different volumes of the glycerol/mannitol solution depending on the 

cell culture OD600 at the time of harvesting: at OD600 0.5 = 1 mL, at OD600 0.6 = 1.5 mL, 
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and at OD600 0.7 = 2 mL was used to resuspend the pelleted cells. The cell solution was 

dispensed in 40 µL aliquots into 1.6 ml Eppendorf microfuge tubes and frozen in LN2. 

Competent cells were stored at -80 ˚C until use. 

 

2.4.2 Electroporation 

Electrocompetent cells were transformed using a MicroPulse electroporator (Bio-Rad). 

Before transformation, 0.2 cm path-length electroporation cuvettes were pre-cooled and 

aliquots of electrocompetent cells were thawed on ice. Up to 1 μL of plasmid DNA or 

Gateway/ligation reaction was added to 40 μL of the thawed cells, transferred to the 

chilled electroporation cuvette, and transformed using the ‘Ec2’ setting. Immediately 

after electroporation, 1 mL of LB was added to the cuvette to resuspend the transformed 

cells, which were transferred to a 1.6 mL Eppendorf microfuge tube and incubated for 

one hour at 37 ˚C with shaking at 800 rpm using a ThermoMixer (Eppendorf). 

Recovered cells were plated onto LB-agar with the appropriate antibiotics and 

incubated overnight at 37 ˚C.  

In instances where the transformation of ligation reactions were producing few or no 

colonies, transformed cells were resuspended in SOC medium as the recovery media. 

Both recovery media and agar plates were pre-warmed to 37 ˚C to increase 

transformation efficiency.  

 

2.5 Protein expression and purification 

2.5.1 E. coli expression  

Plasmids were transformed by electroporation into expression strains of E. coli, spread 

onto agar plates and grown at 37 °C for 14 hours. The following day single colonies 

were picked with a pipette tip, deposited in 3 mL of LB with appropriate antibiotics, 

and incubated at 37 °C for 14 hours. These starter cultures were then used to inoculate 

500 mL of LB in baffled 2 L flasks with appropriate antibiotics added. Cells were 

grown at 37 ˚C on an orbital shaker until reaching an OD600 of between 0.6 - 0.8, and 

moved to 18 ˚C for one hour to equilibrate. Protein expression was induced with IPTG 

(100 μM final concentration), and grown at 18 ˚C for 16 hours. Cells were harvested by 
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centrifugation at 4,500 rcf using a Sorvall RC-4 plus centrifuge fitted with a SLC 4000 

rotor. The supernatant was discarded and the cell pellet was stored at -20 ˚C.  

Frozen cell pellets were thawed and resuspended with 30 mL of lysis buffer, along with 

one tablet of EDTA-free Complete mini protease inhibitor (Roche), DNase1 (10 µg mL-

1 final concentration), RNase A (50 µg mL-1 final concentration) and lysozyme (200 µg 

mL-1 final concentration).  Cells were lysed by sonication with a Misonix Sonicator 

3000 (Misonix Inc.) using a large sonication probe at 50% amplitude with 0.5 second 

duty cycles for a period of 10 minutes. Crude lysates were clarified by centrifugation 

for 30 minutes at 16,000 rpm using the Sorvall RC-4 centrifuge fitted with a SS-34 

rotor, and filtered through a 0.45 µm syringe filter for affinity purification. 

 

2.5.2 Purification buffers 

Buffers used for protein purification in this thesis are listed in table 2-13. 

Buffer Composition 

Lysis buffer 50 mM HEPES pH 8.0, 150 mM NaCl, 3 mM NaN3 

IMAC wash buffer 50 mM HEPES pH 8.0, 150 mM NaCl, 3 mM NaN3, 50 mM 

 IMAC elution buffer 50 mM HEPES pH 8.0, 150 mM NaCl, 3 mM NaN3, 500 mM 

 Citrate buffer 50 mM Citric acid/Citrate pH 5.0, 200 mM NaCl, 3 mM NaN3 

Amylose elution buffer 50 mM HEPES pH 8.0, 150 mM NaCl, 3 mM NaN3, 10 mM 

  SEC buffer 50 mM HEPES pH 8.0, 150 mM NaCl, 2 mM TCEP, 3 mM 

 Table 2-13: Buffers used for protein purification. 

 

2.5.3 Immobilised metal affinity chromatography (IMAC) 

IMAC was used as the first purification step for protein constructs expressed with a 

His6-tag. Clarified supernatants were loaded onto a prepacked 5 mL HisTrap FF 

NiNTA column (GE Life Sciences) using a peristaltic pump or gravity flow column 

filled with HisPur Ni-NTA resin (Thermo Fisher Scientific).  

The lysate was washed with 50 mL of the IMAC wash buffer and eluted with 10 mL of 

IMAC elution buffer. Nickel was removed from the resin by chelation with 10 mL of 

100 mM EDTA pH 8.0 to release any tightly bound protein and clean the column 

before further use. The NTA resin was recharged with 10 mL of 100 mM NiCl2 then 

washed with 50 mL of MQ H2O, before being equilibrated with 20% ethanol for storage 

at 4 ˚C. 
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2.5.4 Amylose resin affinity chromatography 

MBP fusion proteins were also purified by the specific binding of the MBP tag to 

amylose resin. Clarified supernatants were loaded onto a gravity flow column packed 

with amylose resin (New England Biolabs), washed with 50 mL of the lysis buffer, and 

eluted with 10 mL of maltose elution buffer. Following elution, the resin was washed 

with 50 mL of MQ H2O, before being equilibrated with 20% ethanol for storage at 4 ˚C. 

 

2.5.5 rTEV cleavage and subtractive IMAC 

All fusion constructs were cloned with a TEV protease cleavage site between the 

affinity tag and the protein of interest. rTEV protease was kindly provided by Dr Jason 

Busby from the  University of Auckland, which had been expressed and purified 

following an established protocol (Blommel & Fox, 2007). 

Purified proteins were digested with rTEV protease to cleave the affinity tag from the 

protein of interest. The rTEV construct was also expressed with a non-cleavable His6-

tag to allow its separation following cleavage. Eluted protein fractions were collected in 

10,000 molecular weight cut-off dialysis tubing with approximately 1 mL of rTEV 

protease (1 mg mL-1), and dialysed overnight against 1 L of SEC buffer. 

Subtractive IMAC was used to separate the cleaved protein from uncleaved protein, the 

cleaved affinity tag and the added rTEV protease, all of which still possessed a His6-

tag. Protein aggregates formed during dialysis were removed using a 0.22 µm cut-off 

syringe filter. The cleaved protein solution was loaded onto an IMAC column, and the 

flow-through collected. The column was further washed with 10 mL of IMAC wash 

buffer and the bound and His6-tagged MBP and rTEV protease were eluted with 10 mL 

of IMAC elution buffer.  

 

2.5.6 Size exclusion chromatography 

Protein solutions were concentrated to a volume of between 0.5 – 1 mL using a 

vivaspin centrifugal concentrator (Vivaproducts), then centrifuged for 20 minutes at 

10,000 rcf to remove any protein aggregates before purification. Proteins were purified 
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using a 120 mL Superdex 200 (GE Life Sciences) using either an Akta Prime or Akta 

Express HPLC unit (GE Life Sciences). Columns were pre-equilibrated with 200 mL of 

filtered SEC buffer. Protein solutions were applied to the sample loop, and eluted at a 

maximum flow rate of 1 mL min-1. The eluted protein was collected in 1 mL fractions. 

 

2.5.7 Measuring protein concentration 

Protein concentrations were determined from absorbance measurements at 280 nm, 

taking into account the molecular extinction coefficient of the protein of interest. 

Extinction coefficients were calculated from amino acid sequences using the ProtParam 

program (Gasteiger et al., 2005). For each protein, initial absorbance measurements 

were made using a Cary 4000 UV/Vis spectrophotometer (Agilent) and compared to 

results from a Nanodrop spectrophotometer (Thermo Fisher Scientific). Both 

spectrophotometers showed good agreement at protein concentrations above 1 mg mL-1, 

so the Nanodrop was used routinely for determining protein concentration. 

 

2.6 Polyacrylamide gel electrophoresis 

2.6.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Following all purification steps, protein purity was analysed using sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE), using the Tris-glycine 

buffering system (Laemmli, 1970).  

Glass and ceramic plates were washed with ethanol, air-dried, and secured in a vertical 

mini gel-casting block (Hoefer). Discontinuous gels with 7.5% - 15% acrylamide were 

made from 37.5:1 Acrylamide: Bis-acrylamide solution (30%, Bio-Rad), using the 

solutions listed in table 2-14. The resolving gel components were mixed together and 

poured into the gel-casting block. Isopropyl alcohol was poured on top to produce an 

even surface, and the gels left to set (approximately two hours). The isopropyl alcohol 

was removed and stacking gel poured on top and combs inserted. When both layers had 

set, the gels were removed from the block, wrapped in damp paper towels, and stored at 

4 ˚C.   
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Component Resolving gels Stacking gel 

 7.5% 10% 12% 15% 4% 
MQ H2O 28.4 mL 24.2 mL 20.2 mL 14.2 mL 30 mL 

30% Acrylamide 15 mL 20 mL 24 mL 30 mL 6.6 mL 

Resolving Buffer 15 mL 15 mL 15 mL 15 mL 12.6 mL 

10% SDS 600 μL 600 μL 600 μL 600 μL 500 μL 

10% APS 300 μL 300 μL 300 μL 300 μL 300 μL 

TEMED 30 μL 30 μL 30 μL 30 μL 30 μL 

Buffer solution Composition 

Resolving buffer 1.5 M Tris/HCL pH 8.8 

Stacking buffer 0.5 M Tris/HCL pH 6.8 

Running buffer 25 mM Tris, 250 mM Glycine, 0.1% (W/V) SDS 

4 x Loading dye (reducing) 200 mM Tris pH 6.8, 400 mM DTT, 8% W/V SDS, 0.4% bromophenol blue, 

40% glycerol 

4 x Loading dye (non-reducing) 200 mM Tris pH 6.8, 8% W/V SDS, 0.4% bromophenol blue, 40% glycerol 

Table 2-14: Components of SDS PAGE gel and buffer solutions. 

 

Protein solutions were mixed with 4 x SDS PAGE loading dye and heated for 10 

minutes at 100 ˚C. Samples were run with Precision Plus pre-stained protein marker 

(Bio-Rad). Sample volumes of 10 µL of both the marker and protein were loaded into 

each well, and electrophoresed at 100 V and 30 mA until the dye front reached the 

bottom of the gel. Gels were then stained with Coomassie blue. 

 

2.6.2 Acetic acid urea polyacrylamide gel electrophoresis 

Small, basic peptides can be separated by mass and charge using acetic acid urea 

polyacrylamide gel electrophoresis (AU PAGE) (Kitta, Ohnishi-Kameyama, Moriyama, 

Ogawa, & Kawamoto, 2006; Tweeten et al., 1980a). Gels were cast in an identical 

manner to SDS PAGE gels using the components listed in table 2-15. Gels were left to 

set overnight before use. 
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Component Resolving gel Stacking gel 
 12% 

10% 
15% 

 
7% 

MQ H2O 2 mL 

  
0 mL 

  

30 mL 
30% Acrylamide 12 mL 

  
15 mL 

  

6.6 mL 
Acetic acid 700 µL 

  
700 µL 

  

12.6 mL 
8M Urea 15 mL 

  
15 mL 

  

500 μL 
10% APS 300 μL 

  
300 μL 

  

300 μL 
TEMED 30 μL 

  
30 μL 

  

30 μL 
Buffer solution Composition 

Running buffer 5 % Acetic acid 

2 x Loading dye 5 % Acetic acid, 0.1% malachite green, 20% glycerol 

Table 2-15: AU PAGE gel components and buffer system. 

 

Protein solutions were mixed with 2 x AU PAGE loading dye for 10 minutes at RT. 

The gel was pre-equilibrated in acetic acid running buffer with the electric field 

inverted compared to SDS-PAGE, i.e. at -70V, running with a current of 10 mA for one 

hour. The samples were added the wells and electrophoresed with the electric field 

inverted at -70 V, 10 mA until the loading dye front had migrated 1/3rd of the gel 

length. The gel was then removed and stained with Coomassie blue.  

 

2.6.3 Coomassie blue staining 

PAGE gels were stained using a Coomassie Blue R250 based stain. Table 2-16 lists the 

components of the staining and destaining solutions. Gels were stained at RT until 

bands had become visible, then destained at RT until background staining was 

sufficiently reduced. 

Component Stain Destain 

Coomassie Blue R250 0.1 % (W/V) - 
Acetic acid 10 % (V/V) 10 % (V/V) 

Methanol 50 % (V/V) 50 % (V/V) 

H2O 40 % (V/V) 40 % (V/V) 

Table 2-16: Components of Coomassie blue stain and destain. 

 

2.7 Electron microscopy 
Recombinant protein and virus samples were investigated using transmission electron 

microscopy using both negatively stained and vitrified specimens. Specimens were 

viewed on either a Tecnai 12 electron microscope (FEI, Hillsboro, OR, USA) with a 
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120 kV LaB6 electron gun or a Tecnai 20 electron microscope (FEI) with a 200 kV field 

emission gun.  

Images were acquired through the Digital Micrograph software using a bottom mounted 

Ultrascan 1000 CCD detector (Gatan, Pleasanton, CA, USA) on the Tecnai 12 electron 

microscope or an Ultrascan 4000 CCD detector (Gatan) on the Tecnai F20 electron 

microscope. Micrographs were viewed using Fiji imaging software package (Schindelin 

et al., 2012). Scales were calibrated with the addition of TMV as an internal standard 

with a fixed diameter of 18 nm (Díaz-Avalos & Caspar, 1998). 

 

2.7.1 Carbon coated grid preparation 

Carbon coated 400 mesh copper grids for negative stain transmission electron 

microscopy were prepared using the following method. A glass basin was filled with 

MQ H2O, and a drop of Parlodian solution in 2% iso-amyl acetate was deposited on the 

surface with a glass Pasteur pipette to form a thin film, then removed to clean the 

surface. A second drop was deposited and left to evaporate for 30 seconds.  Grids were 

placed onto the surface of the film with the matt side facing down. The array of grids 

was then picked up from the surface using a section of parafilm, and left to dry. A thin 

carbon support layer was deposited onto the copper grids under vacuum using a carbon 

arc in an Edwards Auto 306 thermal evaporator. 

  

2.7.2 Negative stain transmission electron microscopy 

Protein and virus samples were negatively stained using 2% aqueous uranyl acetate. 

Carbon coated grids were first rendered hydrophilic by plasma discharge. Grids were 

placed in a vacuum chamber, and when a partial vacuum had been established after 

approximately 15 seconds, a plasma was generated by applying a 500 V potential 

across the chamber electrodes for 15 seconds. Samples were directly applied to the 

hydrophilic grid by pipetting 2 μL drops on to the surface. After a period of 1-3 minutes 

to allow absorption of the sample, the remaining liquid was removed by careful blotting 

with filter paper. Grids were washed three times by placing the grid sample side down 

onto the surface of a 40 μL drop of MQ H2O for 1 minute, then blotting away the 

remaining liquid. Finally, grids were placed sample side down onto a 40 μL drop of 
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uranyl acetate for a further 1-5 minutes. Excess uranyl acetate was blotted with filter 

paper, and the stained grid was left to dry for at least 30 minutes.  

 

2.7.3 Cryo-electron microscopy 

Holey carbon grids (Quantafoil 1.2/1.3) were rendered hydrophilic by plasma 

discharge. Grids were placed in a vacuum chamber with 10 µL of amyl amine, and 

when a partial vacuum had been established after approximately 15 seconds, a plasma 

was generated by applying a 500 V potential across the electrodes within the vacuum 

chamber for 15 seconds. Samples were frozen using a Vitrobot automated plunge 

freezing system (FEI), with the chamber set to 100 % humidity at 4 ˚C. The grids were 

loaded onto the forceps, and a 4 µL of sample was deposited on to the surface of the 

grid. The sample was left to adsorb for approximately 30 seconds before excess liquid 

was removed using a blot force of 4-5 and a blot time of 1-4 seconds. The grids were 

plunged into liquid ethane and transferred to a model 626 single tilt cryoholder (Gatan) 

under LN2 for immediate observation, or stored in a LN2 dewar for later use.  

 

2.8 X-ray crystallography 

2.8.1 Robotic sitting drop crystallisation 

Materials used in protein crystallisation were purchased either from Hampton Research 

or Molecular Dimensions. 

Crystallisation screening was carried out by vapour diffusion using nanoliter dispensing 

pipetting robots. Starting protein concentrations for crystallisation experiments were 

determined using a pre-crystallisation test (PCT) (Hampton Research). Two wells of 

greased VDX 24 well plates were filled with 1 mL of either solution A1 (0.1 M Tris, 

2.0 M ammonium sulphate, pH 8.5) or A2 (0.1 M Tris, 0.2 M MgCl2, 30% W/V PEG 

4000, pH 8.5). Concentrated protein solutions were centrifuged for 10 min at 21,130 rcf 

to remove aggregates and the protein and PCT solutions were mixed in a 1:1 ratio on a 

glass coverslip. The wells were sealed and incubated for between 30 minutes and one 

hour, and checked using a stereo microscope for the presence of precipitates. 

Acceptable concentrations were determined if one of the conditions produced a light 
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granular precipitate, while the other remained clear, or produced a heavy amorphous 

precipitate. Protein solutions were concentrated or diluted as necessary. 

Robotic crystallisation experiments were performed using an Oryx 4 Protein 

Crystallisation Robot (Douglas Instruments LTD, Berkshire, UK) in 96 well sitting 

drop Intelli-plates (Art Robbins Instruments, Sunnyvale, CA, USA). Wells contained 50 

µL of the respective mother liquor of either in-house made screens (Kingston, Baker, & 

Baker, 1994), or commercially available PACT, JCSG+ and Morpheus screens 

(Newman et al., 2005). The protein solution was dispensed at two volumes: 0.3 µL and 

0.15 µL, along with 0.15 µL of mother liquor. The trays were then sealed using 

ClearVue sealing sheet and stored at 18 ˚C, and periodically checked using a stereo 

microscope. 

 

2.8.2 Hanging drop crystallisation  

Conditions producing crystals or apparent crystalline precipitate were further 

investigated by hanging-drop vapour-diffusion experiments. The rims of the 24 well 

VDX trays were pre-greased to seal coverslips. The wells of the VDX trays were filled 

with between 500 µL and 1 mL of mother liquor. Protein drops were pipetted at two 

volumes: 2 µL and 1 µL onto a siliconised cover slip, with 1 µL of the mother liquor 

pipetted on top of the protein drop without mixing. Wells were sealed and trays were 

stored at 18 ˚C. 

 

2.8.3 Crystal mounting and storage 

For diffraction experiments, crystals were mounted on pins composed of a magnetic 

copper CrystalCap base with a nylon loop (Hampton Research) attached using epoxy 

adhesive. Crystals were looped and cryo-protected by brief transfer to a buffer 

consisting of the crystallisation well solution supplemented with 20% glycerol, then 

rapidly cooled in LN2. Pins were inserted into a unipuck storage container (MiTeGen), 

and transferred into a LN2 cooled Cryo Express dry shipper (Taylor Wharton) for 

transport to and from the Australian Synchrotron light source.
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Chapter 3 Characterisation of Vp39 self-

assembly 
Little is known about the major capsid protein, Vp39. No atomic structures have been 

produced using either X-ray crystallography or electron microscopy. Protein 

crystallisation requires a soluble, monodisperse protein solution. Electron microscopy is 

effective when used to characterise large protein assemblies with high symmetry. Other 

biophysical techniques commonly used for characterising protein interactions also 

require soluble protein.  

After expression in infected cells, Vp39 assembles into micrometre long tubes, 

preventing the purification of soluble protein. The lack of a soluble Vp39 construct is a 

limiting factor in characterising its structure and interactions. Determining the domain 

structure or residues involved in self-assembly would aid in designing soluble 

constructs for further experiments. In this work, I expressed full-length Vp39 in E. coli 

fused to MBP, which was soluble. The fusion protein was cleaved with rTEV protease 

in different buffers to either reduce aggregation or promote Vp39 self-assembly. 

Following cleavage, Vp39 assembled into micrometre long tubes that precipitated out 

of solution. When viewed using cryo-electron microscopy, these tubes showed evidence 

of possessing helical symmetry.  

Contaminating cellular proteases cleaved Vp39 in the C-terminal domain during 

purification, and unlike full-length Vp39, the proteolysed Vp39 remained in solution. 

LC-MS was used to identify an N-terminal and C-terminal domain of proteolysed 

Vp39.  

The soluble fusion protein also formed a disulphide-linked oligomer during 

purification. Of the eight cysteine residues in the Vp39 sequence, two surface exposed 

cysteine residues were identified by LC-MS/MS experiments. These two residues are 

therefore most likely to form a disulphide bond. Unexpectedly, Vp39 was 

phosphorylated during expression in E. coli. Vp39 was reacted with the baculovirus 

protein kinase PK-1 (described in chapter 4), and three further phosphorylated residues 

of Vp39 were identified using LC-MS/MS.
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Taken together, these results identify several regions of Vp39 that are surface exposed 

and indicate that the C-terminal and the regions surrounding two surface exposed 

cysteine residues likely form protein: protein interfaces. This information may serve as 

the basis for introducing mutations to Vp39 that produce a soluble construct for 

biophysical characterisation. 

The protocol I have developed during this work for inducing Vp39 self-assembly 

during cleavage of the soluble MBP-fusion protein may provide a convenient tool for 

rapidly testing the effects of any mutations on Vp39 self-assembly. Optimisation of the 

cleavage buffer to produce helical arrays showing greater long-range order may enable 

the determination of the atomic structure of Vp39. 

 

3.1 Methods 

3.1.1 Cloning 

The pDEST566-TEV-Vp39 construct was cloned using the general methods described 

in section 2-2. DNA for the Vp39 ORF was codon optimised for expression in E. coli 

and synthesized using the GeneArt service. Full-length Vp39 was cloned into the 

Gateway donor vector pDONR221 as an intermediate step before being transferred into 

the N-terminal His6-tag MBP fusion expression vector, pDEST566. 

Flanking regions encoding a TEV protease cleavage site were introduced by PCR using 

the Vp39_forward and Vp39_reverse primers (Table 2-5). The Att site-specific 

recombination sequences were then introduced by a second PCR using Gateway_F and 

Gateway_R primers (Table 2-5). The Vp39 DNA sequence was then inserted into the 

pDONR221 vector using the BP recombination reaction, and into the pDEST566 vector 

using the LR reaction to create the pDEST566-TEV-Vp39 plasmid. 

A C-terminal deletion mutant terminating at residue 245 was sub-cloned by restriction 

enzyme mediated inverse PCR mutagenesis from the pDEST566-TEV-Vp39 plasmid. 

The whole plasmid minus the deleted residues, with flanking Acc65I restriction sites 

was amplified using the Vp39_1-245 reverse primer and the C-terminal_del forward 

primer (Table 2-5). The amplified product was digested with Acc65I to generate 

overhanging ends, which were then ligated to produce the C-terminal deletion 

construct.  
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Table 3-1 shows the biophysical properties of Vp39, the expressed fusion proteins and 

cleaved product. Cleaved Vp39 consists of the 285 Vp39 amino acids flanked by four 

residues at the N-terminal left over from the rTEV cleavage site linker. 

 

Construct Amino 

acids 

Molecular 

Weight (Da) 

Extinction 

Coefficient 

Abs (1%) Theoretical PI 

Vp39 285 32,540 20,900 6.42 6.11 
His-MBP-TEV-Vp39 686 76,623 90,230 11.78 5.74 

Cleaved-Vp39 289 32,813 20,900 6.37 6.13 

His-MBP-TEV-Vp39 1-245 638 71,066 88,740 12.49 5.48 

Table 3-1: Calculated protein properties of expressed Vp39 constructs. 

 

3.1.2 Protein expression and purification  

3.1.2.1 Full-length Vp39 

The MBP-TEV-Vp39 fusion protein was expressed and purified using the general 

methods described in section 2-5. The pDEST566-TEV-Vp39 plasmid was transformed 

by electroporation into BL21 (DE3) E. coli and expressed in LB media overnight at 18 

˚C. Protein was initially purified by IMAC. Following the detection of C-terminal 

proteolysis of the MBP-TEV-Vp39 fusion protein, subsequent purifications were 

carried out using amylose resin affinity chromatography with 10 mM EDTA added to 

all buffers. 

SEC was used to purify the MBP-TEV-Vp39 fusion protein before TEV cleavage to 

remove proteins with the approximate molecular weight of cleaved Vp39. Further 

experiments were carried out with the purified fusion protein to screen for conditions 

that prevented aggregation during cleavage with rTEV protease as described in section 

3.1.2.2, or to induce Vp39 self-assembly as described in section 3.1.3.4. 

 

3.1.2.2 Solubility screening and subtractive IMAC 

Solubility screening was carried out using a protocol similar to that used during robotic 

crystallisation experiments, the difference being that rTEV protease (0.15 µL at 1 mg 

mL-1) was dispensed in addition to the fusion protein (0.15 µL at 20 mg mL-1) and well 

solution (0.3 µL) from the three-bore tip of the Oryx 4 pipetting robot. After 24 hours, 
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the crystal screens were viewed by stereo microscope and buffer components common 

to conditions producing no visible precipitate were identified to design a buffer for 

cleavage and SEC purification.  

The fusion protein was cleaved with rTEV protease using two different protocols: 

during dialysis and in small volumes. Dialysis tubing with a 10,000 molecular weight 

cut-off was pre-soaked in SEC buffer and sealed at one end. Pooled fractions of MBP-

TEV-Vp39 were pipetted into the dialysis tubing (10-20 mL at ≈ 1 mg mL-1) along with 

1 mL rTEV protease (≈ 1 mg mL-1) then the other was end sealed. In large volume TEV 

cleavage experiments, Vp39 was dialysed against different buffers, including the 

standard SEC buffer (Table 2.13). The dialysis tubing was submerged in 1 L of the 

different buffers and dialysed for 12 hours at 4 ˚C with stirring. 

The fusion protein was also cleaved using the ratios of volumes used during solubility 

screening, generally: 250 μL of MBP-TEV-Vp39 at ≈ 30 mg mL-1, 250 μL of rTEV at 1 

mg mL-1 and 500 µL of SEC buffer. The protein was cleaved overnight at 4˚C, and 

diluted 10 fold in SEC buffer. His6-MBP and His6-rTEV protease were removed by 

subtractive IMAC. The flow-through containing cleaved Vp39 was concentrated and 

further purified by SEC. Fractions were pooled and concentrated to 5 mg mL-1 and 

stored at 4 ˚C.  

 

3.1.3 Vp39 self-assembly 

3.1.3.1 Vp39 helical arrays  

Following storage at 4 ˚C, purified Vp39 formed a precipitate over a period of weeks. 

The solution was centrifuged for 10 minutes at 21,130 rcf.  The supernatant was 

removed and the pellet was resuspended in an equal volume of SEC buffer. The 

supernatant and pellet were analysed by SDS PAGE, and negative stain electron 

microscopy. The supernatant was further analysed by LC-MS (methods in section 

3.1.3.2). Assembled Vp39 tubes were then viewed by cryo-electron microscopy. 
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3.1.3.2 Characterisation of Vp39 domain structure 

Mass spectrometry experiments were carried out by the Centre for Genomics and 

Proteomics, University of Auckland by Mr Martin Middleditch.  

The masses of proteolytic domains were determined by liquid-chromatography mass 

spectrometry (LC-MS). Proteolysed protein was diluted in 0.1% formic acid in MQ 

H2O to give a final protein concentration of ≈ 0.01 mg mL-1 

Experiments were carried out using a QSTAR XL hybrid Quadrupole Time-of-flight 

mass spectrometer with an inline HPLC system connected to a ionspray source 

(Applied Biosystems, Foster City, CA, USA), controlled using the Analyst QS 2.0 

software package. Sample volumes of 10 µL were loaded onto a Discovery BIO Wide 

Pore column prepacked with 3 µm bead-size C5 media (Sigma Aldrich). HPLC 

gradients were generated from buffers A (0.1% formic acid in MQ H2O) and B (0.1% 

formic acid in acetonitrile). The bound peptides were eluted at a flow-rate of 6 µL min-

1. Starting at 0%, the proportion of buffer B was linearly increased to 15% after 4 

minutes, 45% after 34 minutes, and 98% after 36 minutes. After 41 minutes, the column 

was re-equilibrated to 15% and the protocol was completed after 45 minutes elution. 

Eluted peptides were directed to the ionspray source and data sets were collected in 

positive ion mode from m/z 600 – 2000. The recorded mass spectrometry data was 

deconvoluted within the Analyst QS software suite. Average masses of large protein 

domains (>20,000 Da) were extracted using the Bayesian Protein Reconstruct tool. 

Monoisotopic masses of peptide fragments (<5,000 Da) were extracted using the 

Bayesian Peptide Reconstruct tool. Protein domains were compared manually with 

theoretical average and monoisotopic masses respectively. Spectra were exported using 

the mMass program (Strohalm, Kavan, Novák, Volný, & Havlíček, 2010).  

 

3.1.3.3 Purification of the N-terminal domain 

The MBP-TEV-Vp39 1-245 fusion protein was expressed using the general methods 

described in section 2-5. The pDEST566-TEV-Vp39 1-245 plasmid was transformed by 

electroporation into BL21 (DE3) E. coli, and expressed in LB media overnight at 18 ˚C. 

Purification was initially attempted by IMAC, however this proved unsuccessful, so the 

28 kDa domain was purified from partially proteolysed MBP-TEV-Vp39.  
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The full-length fusion protein was purified using a similar protocol to the purification of 

MBP-TEV-Vp39, except without the addition of protease inhibitor tablets (Roche). 

Following purification by S200 SEC, the protein solution was stored at a concentration 

of 1 mg mL-1, and the protein solution was periodically analysed by SDS-PAGE over a 

period of days to detect proteolysis of the C-terminal of the fusion protein. Proteolysed 

fusion protein was then re-purified by S200 SEC, and fractions only containing 

proteolysed fusion protein were pooled, and cleaved with rTEV protease. Cleaved MBP 

and rTEV protease were removed by subtractive IMAC and the flowthrough containing 

the soluble N-terminal domain was concentrated to 5 mg mL-1 and stored at 4 ˚C. 

 

3.1.3.4 Vp39 self-assembly screening 

The MBP-TEV-Vp39 fusion protein was cleaved with rTEV protease in the presence of 

osmolytes in experiments to test their effect on self-assembly. Cleavage was carried out 

in 50 µL volumes, with 40 µL of the osmolyte buffer and 5 µL each of the fusion 

protein (final concentration of cleaved Vp39 of 1 mg mL-1) and rTEV protease (final 

concentration of 0.1 mg mL-1), overnight in 1.6 mL Eppendorf microfuge tubes at room 

temperature and stored at 4 ˚C. The cleavage buffer was composed of 50 mM HEPES, 

150 mM NaCl, and contained 500 mM of the respective osmolytes (glycerol, sorbitol, 

ethylene glycol, maltose and trehalose, TMAO, betaine and glycine). After one week, 

samples were analysed by SDS PAGE to confirm cleavage of the fusion protein, and 

viewed by negative stain electron microscopy. 

 

3.1.3.5 Characterisation of disulphide-linked Vp39 oligomerisation 

Vp39 tubes were assembled in 500 mM TMAO as described in section 3.1.3.2, and 

collected by centrifugation for 10 minutes at 21,130 rcf. The pelleted tubes were 

washed twice with MQ H2O and stored in 3 mM NaN3 at 4 ˚C. Samples of assembled 

Vp39 and MBP-TEV-Vp39 (final concentrations between 0.5 mg mL-1 and 1.5 mg mL-

1) were pipetted into a non-oxidising buffer (100 mM HEPES pH 7.0, 200 mM NaCl) 

and an oxidising buffer (100 mM HEPES pH 7.0, 200 mM NaCl, 20 mM GSSG) and 

left to sit at RT for 16 hours. Samples were mixed with reducing and non-reducing SDS 

PAGE loading dye and heated for 10 minutes at 100 ˚C, and the samples were 

electrophoresed on a 10% SDS-PAGE gel.  
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Gel bands corresponding to a monomer of the Vp39 fusion protein, and an oligomer of 

the cleaved protein were digested with trypsin alone or with trypsin and GluC protease 

and analysed by LC-MS/MS. The MBP fusion protein was stored in a non-reducing 

buffer (100 mM HEPES pH 7.0, 200 mM NaCl, 3 mM NaN3) in an exposed tube over a 

period of weeks at 4 ˚C to allow for the spontaneous oxidation of disulphide bonds 

within Vp39. The protein was alkylated by iodoacetamide before digestion with either 

Trypsin or AspN protease and analysed by LC-MS/MS. 

For protein samples separated by SDS PAGE, the desired bands were cut from the gel 

with a sterile razor blade and sliced into 1 mm2 segments, then washed with 50 % 

acetonitrile and 25 mM mM NH4HCO3. The washed bands were digested with 0.5 µg 

of sequencing-grade porcine trypsin (Promega) alone or in combination with 0.5 µg of 

GluC endopeptidase (Sigma Aldrich) in 25 mM mM NH4HCO3, for 30 min at 45 ˚C.  

Solution samples (1 mg mL-1) were alkylated with 50 mM iodoacetamide (Sigma 

Aldrich) for 30 min at room temperature in the dark. The iodoacetamide was left 

unquenched and the protein was digested with 0.5 µg AspN protease (Promega) 

overnight at 37 ˚C. The digested samples were acidified by dilution into 0.1% formic 

acid in MQ H2O to give a final concentration of ≈ 0.15 mg mL-1. 

Experiments were carried out using a TripleTOF 6600 mass spectrometer with an inline 

HPLC system connected to a Nanospray ion source (AB SCIEX, Framingham, MA, 

USA), controlled using the Analyst TF 1.7.1 software package. Sample volumes of 2 

µL were loaded onto a prepacked 10 mm x 300 µm C18 Reprosil trap column (ESI 

Source Solutions, MA, USA) before separation on a PicoFrit 15 cm x 75 µm column 

hand-packed with Reprosil C18 media (Dr Maisch GmBH). 

HPLC gradients were generated from mixing buffers A (0.1% formic acid in MQ H2O) 

and B (0.1% formic acid in acetonitrile) in increasing ratios. The bound peptides were 

eluted at a flow-rate of 250 nL min-1. Starting at 0%, the proportion of buffer B was 

increased linearly to 2% after 4 minutes, 35% after 22 minutes, and 90% after 24 

minutes. After 28.5 minutes, the column was re-equilibrated to 1% and the protocol was 

completed after 45 minutes elution. Eluted peptides were directed to the Nanospray ion 

source scanning for in positive ion mode from m/z 350 – 1600. The thirty most 

abundant multiply charged peptides were directed for CID fragmentation and fragment 

ions were recorded between 100–1600 m/z. 
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Tandem mass spectrometry data was matched to protein fragments using the Paragon 

algorithm (Shilov et al., 2007) within the ProteinPilot software suite (AB SCIEX Beta 

4.5). The amino-acid sequences of CpGV Vp39, maltose binding protein (encoded by 

the pDEST566 plasmid), and CpGV PK-1 were added to a local sequence database, 

which was searched against the data with E. coli as the expression species and 

trypsin/GluC digestion. Data sets were processed using the ‘Thorough ID’ search effort 

and ‘Biological modification’ ID focus settings. CID spectra were manually inspected 

to confirm the assignments.  

 

3.1.3.6 Vp39 phosphorylation 

Purified MBP-TEV-Vp39 was reacted with CpGV PK-1 (see chapter 4). For mass 

spectrometry experiments, 10 µL reactions were carried out using ammonium 

bicarbonate as the buffer to minimise the formation of Na+ and Cl- adducts. The 

phosphorylation reaction was made up to contain 1 mg mL-1 MBP-TEV-Vp39, 0.2 mg 

mL-1 PK-1, 100 mM NH4HCO3 pH 8.0, 50 mM MgCl2, 10 mM ATP, and 10 mM DTT. 

The control sample was made up to contain 1 mg mL-1 MBP-TEV-Vp39, 100 mM 

NH4HCO3 pH 8.0, 50 mM MgCl2 and 10 mM DTT. Based on the results of the time-

course of PK-1 phosphorylation experiments (see section 4.2.3.1) the reaction was 

carried out overnight at RT to ensure adequate phosphorylation, then stored at -20 ˚C. 

Solutions were digested with trypsin and analysed by LC-MS/MS using the same 

methods described in section 3.1.3.5. 

 

3.1.4 Sequence analysis 

A multiple protein sequence alignment was performed on the Vp39 sequences from five 

alpha-baculoviruses and five beta-baculoviruses. Sequences were extracted from 

http://www.uniprot.org and the alignment was performed using the MUSCLE algorithm 

(Edgar, 2004) in Geneious version R7 (http://www.geneious.com, Kearse et al., 2012). 

Table 3-2 lists the Uniprot IDs of the amino acid sequences of the various baculovirus 

homologs used in the multiple sequence alignment. 
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Species Uniprot ID  

C. pomonella GV A0A097P217 

P. rapae GV D2J4P8 

H. armigera GV A9YMV5 

S. frugiperda GV A0A0C5AUX0 

P. xylostella GV Q9DVV4 

A. californica NPV P17499 

B. mori NPV H6VQR5 

H. armigera NPV G3LZR6 

S. frugiperda NPV A1YJ67 

P. xylostella NPV Q0GYD4 

Table 3-2: Protein sequence information of aligned Vp39 sequences. The protein sequences of Vp39 from five 

alpha-baculovirus (A. californica NPV, B. mori NPV, H. armigera NPV, S. frugiperda NPV, P. xylostella NPV) and 

five beta-baculovirus (C. pomonella GV, P. rapae GV, H. armigera GV, S. frugiperda GV, and P. xylostella GV) 

species.   

 

3.2 Results 

3.2.1 Cloning 

Sanger sequencing results showed that full-length Vp39 was successfully cloned into 

the pDEST566 vector for expression as a cleavable N-terminal His6-tagged MBP fusion 

construct and that the C-terminal residues 246-285 had been successfully deleted to 

generate the pDEST566-TEV-Vp39 1-245 plasmid. 

 

3.2.2 Protein expression and purification 

3.2.2.1 Full-length Vp39 

The fusion construct composed of full-length Vp39 together with an N-term His6-tag, 

MBP carrier protein and a TEV protease site over-expressed in BL21 (DE3) cells in LB 

media at 18 ˚C. Soluble fusion protein was recovered by IMAC purification, seen as a 

major band of 76.6 kDa (lanes 7 and 8), corresponding to the molecular weight of MBP 

(44 kDa) and Vp39 (32 kDa) when analysed by SDS PAGE. Figure 3-1 shows a gel of 

a typical IMAC purification of the fusion protein. 
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Figure 3-1: IMAC purification of MBP-TEV-Vp39. This figure shows an SDS PAGE gel of IMAC purification of 

full length Vp39 as a cleavable MBP-fusion protein. L: Protein ladder, 1: Lysate, 2: Flowthrough , 3-6: Washes (0- 

50 mM imidazole), 7: Elution 1 (500 mM imidazole), 8: Elution 2 (500 mM imidazole).  

 

When SEC purification was carried out in buffer containing reducing agent (10 mM 

DTT), the fusion protein of full length Vp39 eluted as a single, symmetrical peak within 

the included volume of a Superdex 200 size exclusion column. Figure 3-2 A shows a 

UV trace of a typical purification and B shows a gel of the collected fractions. When 

purified in oxidising conditions, the fusion protein eluted as two peaks (shown in figure 

3-17). As disulphide-mediated oligomerisation may be important for capsid assembly, 

this observation was followed up by additional experiments described in section 3.2.3.5. 

 
Figure 3-2: S200 SEC purification of MBP-TEV-Vp39. This figure shows the UV trace from S200 SEC 

purification of the MBP-TEV-Vp39 fusion protein, and SDS PAGE analysis of the identified SEC fractions. (A) UV 

trace of S200 purification of the MBP-TEV-Vp39 construct in reducing buffer. Fractions collected for analysis by 

SDS PAGE are marked in red. (B) SDS PAGE gel of MBP-TEV-Vp39 purification. L: Protein ladder, C: 

Concentrated protein, 1-13: Eluted fractions from A. 

 

Initial attempts at cleaving the fusion protein with rTEV protease resulted in protein 

precipitation, so robotic solubility-screening experiments were carried out to identify 
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buffer conditions that would produce soluble cleaved Vp39. These experiments are 

described in section 3.2.2.2. 

 

3.2.2.2 Solubility screening and subtractive IMAC 

Cleavage of the fusion protein with rTEV protease in crystal screens allowed for the 

rapid testing of hundreds of buffer components. When MBP-TEV-Vp39 was cleaved at 

a final concentration 10 mg mL-1, no precipitate was seen in 100 of the 576 tested 

buffers. The fusion protein was then cleaved during dialysis against a series of buffers 

composed of chemicals common to the conditions in which no aggregation was seen. 

Protein aggregated in all of the buffers, and no soluble protein could be recovered.  

The fusion protein was then cleaved at high protein concentrations in small volumes to 

replicate the ratios used during robotic screening (1 mL total: 250 μL MBP-TEV-Vp39 

at < 25 mg mL-1, 250 μL rTEV at 1 mg mL-1, 500 μL SEC buffer), which prevented 

aggregation. Protein remained soluble after dilution into 10 mL of SEC buffer, and 

cleaved Vp39 was further purified by subtractive IMAC. 

Figure 3-3 shows SDS PAGE analysis of the subtractive IMAC step. The NiNTA resin 

(R) bound the majority of the remaining un-cleaved fusion protein, cleaved MBP and 

rTEV protease. The flow-through (FT) solution contained a major protein component 

migrating with a molecular weight of 32 kDa, corresponding to full length Vp39.  

 
 

 

Figure 3-3: SDS PAGE of Vp39 subtractive IMAC. This figure shows SDS PAGE analysis of a subtractive IMAC 

purification of cleaved Vp39 . L: Protein ladder, R: Resin bound protein, FT: Flow-through 
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Cleaved Vp39 remained soluble during concentration and eluted as a symmetrical peak 

in the included volume of an S200 column. Figure 3-4 A shows a UV trace of a typical 

purification and B shows a gel of the collected fractions. The major SEC peak 

contained full-length Vp39 migrating with a molecular weight of 32 kDa. A minor 

contaminating protein band migrating with a molecular weight of approximately 28 

kDa was often present during purification.  

 
Figure 3-4: S200 SEC purification of cleaved Vp39. This figure shows the UV trace from S200 SEC purification 

of cleaved Vp39, and SDS PAGE analysis a subtractive IMAC step and SEC fractions. (A) UV trace of of cleaved 

Vp39 at pH 8.0. Analysed fractions are denoted by the red lines. (B) SDS PAGE analysis of subtractive IMAC and 

eluted fractions from S200 SEC. L: Protein ladder, 1-10: Eluted fractions. Black arrows show full length Vp39, while 

the grey arrow shows the 28 kDa proteolytic degradation protuct of Vp39. 

 

The fractions containing cleaved Vp39 were pooled and concentrated to 5 mg mL-1 and 

stored at 4 ˚C for a period of weeks. Over time, the protein formed a precipitate. 

 

3.2.3 Vp39 self-assembly 

3.2.3.1 Vp39 helical arrays  

The precipitated protein solution was pelleted and the supernatant and pellet were 

analysed by SDS PAGE, as shown in figure 3-5. The supernatant (lane 1) was 

composed of a major band migrating with a molecular weight of 28 kDa, similar to the 

band seen during purification of cleaved Vp39. Several additional faint bands migrating 

with an approximate molecular weight of 32 kDa, 43 kDa and 75 kDa were also present 

in the supernatant. These higher molecular bands correspond to full-length Vp39, MBP 

and the un-cleaved fusion protein. The precipitate (lane 2) was composed of a major 

band migrating with a molecular weight of 32 kDa, corresponding to full-length Vp39. 

A faint band of the 28 kDa degradation product was also present. 
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Figure 3-5: SDS PAGE analysis of centrifuged Vp39 solution. This figure shows SDS PAGE analysis of the 

supernatant and pellet of a centrifuged sample of purified Vp39. The supernatant contained a previously observed 28 

kDa proteolytic product of Vp39, while the precipitate was composed of full-length Vp39. L: Protein ladder. 1: 

Supernatant. 2: Precipitate.  

 

This raised the question of whether Vp39 precipitated out of solution as an ordered 

array as could be expected from a protein that forms the cylindrical body of the 

baculovirus capsid, or as an unfolded protein aggregate. The precipitate was viewed 

using negative stain electron microscopy. Electron micrographs of the precipitate 

revealed that full length Vp39 had self-assembled to form numerous tube-like 

structures, which are shown in figure 3.6. Two distinct tube morphologies were seen, 

termed ‘type-1’ and ‘type-2’ assemblies. The most abundant structure was the type-1 

structure. Figure 3-6 B and C show examples of both tube types in a single micrograph. 

The type-1 structure has the appearance of a double walled cylinder, with a thick outer 

edge of ≈ 7 nm, and a highly stained central cavity with a diameter of ≈ 12 nm.  

The diameter varied along the length of the type-1 assembly and ranged from 18 nm to 

the typical 26 nm. Individual regions had a consistent diameter and changes in diameter 

occurred at breaks along the length of the tube (see figure 3-7). Fourier transforms of 

negative stained micrographs of the type-1 tubes showed no apparent peaks, seen in 

panels F and G. The second morphology, the type-2 structure, was only seen in a 

limited number of micrographs. This structure lacked the intensely stained internal 

cavity of the type-1 tubes, and was wider, with a diameter of ≈ 35 nm. Fourier 

transforms of the type-2 structure are shown in panels D and E. A Fourier transform 

shows a peak along the direction of the length of the tube, which has been previously 

interpreted as showing a stacked disc arrangement of Vp39 monomers (Burley et al., 

1982). The position of the circled peaks corresponds to a repeat distance of 8 nm.
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Figure 3-6: Negative stain electron microscopy analysis of self-assembled Vp39 tubes. (A) The most common morphology of self-assembling Vp39 tubes, with TMV for scale. (B) A 

less common morphology of Vp39 tubes seen alongside the more common double-walled variety. (C) A higher magnification view of the two distinct self-assembling Vp39 tube 

structures. (D) Fourier transform of the wider, less common tube morphology. Adjusting constrast levels show apparent layer lines, indicative of helical symmetry seen in figure E. (F) 

Fourier transforms of the narrower, more common tube morphology. No apparent diffraction peaks can be seen after enhancing contrast of the fourier transform in figure G. Scale bar 50 

nm.



3.2 Results  Chapter 3: Characterisation of Vp39 self-assembly  

 65 

In order to determine whether the lack of long-range periodicity was a result of staining 

artefacts (Nermut, 1972), the tube-like assemblies were visualised using cryo-electron 

microscopy. Initial cryo-electron micrographs were taken using a Tecnai 12 microscope 

fitted with Ultrascan 1000 CCD camera. In the micrographs, the tube structures were 

clearly visible, but still suffered from a lack of long range of periodicity. Figure 3-7 

shows examples of assembled Vp39 tubes with variable diameters suspended in 

vitreous water within a single micrograph.  

 
Figure 3-7: Self-assembled Vp39 in vitreous ice. This figure shows a representative image showing assembled 

tubes of varying diameters. Breaks in the tube occuring at changes of tube diameter are shown by the arrow. Scale 

bar 100 nm.
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In a limited number of micrographs, Fourier transforms of linear segments appeared to 

show evidence of helical symmetry. Figure 3-8 A shows such a segment, and panel B 

shows the Fourier transform of the boxed area. After adjusting the contrast, a number of 

smeared peaks located on a series of lines perpendicular to the length of the tube can be 

seen in Panel C shown by the arrows. The arrangement of peaks onto layer lines in 

Fourier transforms is a defining characteristic of helical symmetry (Cochran, Crick, & 

Vand, 1952).  

 
Figure 3-8: Fourier transform of linear section of Vp39 tubes. This figure shows a cryo electron micrograph 

showing a linear region of a Vp39 tube with apparent helical symmetry. (A) A linear region of type-1 Vp39 tube. 

The segment enclosed within the box was analysed by Fourier transform to identify periodic structure. (B) The 

Fourier transform of the double-walled type 1 structure. (C) The Fourier transfom in B was cropped and the contrast 

was adjusted to reveal apparent layer lines, which is indicative of helical symmetry. Scale bar 100 nm. 
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These electron micrographs show that cleaved full-length Vp39 self-assembles into 

periodic structures, albeit with low long-range periodicity and variable morphology. 

The fact that full-length Vp39 self-assembled to the point of precipitating out of 

solution, while the 28 kDa proteolytic product did not suggests the 28 kDa domain 

cannot self-assemble in such a manner and that residues within the proteolysed region 

must be required for Vp39 self-assembly. The supernatant solution containing the 28 

kDa domain was also viewed using negative stain electron microscopy, however the 

tube-like structures were also visible. This seems most likely to be caused by the pellet 

becoming disrupted when the supernatant was removed. 

These results raised several questions: (1) what is the boundary of the 28 kDa domain, 

(2) is the C-terminal completely proteolysed or is it a stable domain present in solution, 

(3) can the N-terminal domain be expressed as a soluble protein, (4) does the purified 

N-terminal domain oligomerise, and (5) can Vp39 self-assembly be controlled? 

Questions 1 and 2 are addressed in section 3.2.3.2, questions 3 and 4 are addressed in 

section 3.2.3.3, and question 5 is addressed in section 3.2.3.4.  

 

3.2.3.2 Characterisation of Vp39 domain structure 

The protein solution containing the proteolysed Vp39 was analysed by LC-MS to 

identify the masses of the proteolytic degradation products to determine the domain 

boundary of the 28 kDa N-terminal domain, and to see if the C-terminal was entirely 

proteolysed. Masses spanning the entire length of the protein were identified within the 

spectra. Mass peaks corresponding to the soluble domain of Vp39 (≈ 28 kDa) eluted 

between 25 and 26 minutes of the acetonitrile gradient, while a series of mass peaks 

corresponding to small proteolytic degradation products of the C-terminal (< 5 kDa) 

eluted between 9 to 17 minutes of the acetonitrile gradient. 

Figure 3-9 shows the mass spectrum extracted over 25 to 26 minutes. The raw spectrum 

was complex, showing multiple charge states of multiple species (not shown). After 

deconvolution using the Bayesian Protein Reconstruct tool over a mass range of 

between 25 and 30 kDa, two major peaks and several smaller peaks were identified. 

The observed masses were compared to calculated average masses the N-terminal of 

Vp39 following cleavage at various residues combinations of N and C-terminal 

residues. Four of the masses matched to within one Da of masses calculated from the 
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Vp39 sequence and all four of the matched peaks terminated at the same C-terminal 

residue, Lys245.  

 
Figure 3-9: Mass spectrum of Vp39 N-terminal soluble domain. This figure shows the deconvoluted spectrum 

produced of a total ion chromatogram extracted from between 25 and 26 minutes elution time. The spectrum was 

deonvoluted using the Bayesian Protein Reconstruct algorithm in the BioAnalyst software suite, over a mass range of 

25 to 30 kDa. *Matched masses are designated by the asterisk. 

 

Table 3-3 shows the experimental and calculated masses, mass error, sequences, and 
residue ranges of the matched peptides. 

Meas. MW (Da) Sequence Residues Calc. Avg. 
MW (Da) 

Error 
(Da) 

28,323.88 GSGA|MDVVTYEPCELNN…RIDNPILQPK -4 - 245 28,323.05  0.83 
28,178.28 GA|MDVVTYEPCELNN…RIDNPILQPK -2 - 245 28,178.93 -0.65 

27,919.57 DVVTYEPCELNN…RIDNPILQPK  2 - 245 27,919.61 -0.04 

27,606.04 TYEPCELNNN…RIDNPILQPK  5 - 245 27,606.25 -0.21 

Table 3-3: Theoretical LC-MS matches of the Vp39 N-terminal domain. This table lists the measured mass, 

peptide fragment sequence, residue range, calculated average mass and mass differences of a series peptide 

fragments identified by LC-MS of in-situ proteolysed Vp39. The bar indicates the N-terminus of Vp39. 

 

Figure 3-10 shows the mass spectrum extracted over 9 to 17 minutes. The spectrum was 

deconvoluted using the Bayesian Peptide Reconstruct tool over a mass range of 

between 500 and 6,000 Da. Many of the detected masses could be matched to within 

0.07 Da of peptides produced by the sequential degradation of the C-terminal following 

cleavage at after residue Lys245. Two further masses were within 1.07 Da of predicted 

C-terminal fragments. This is likely due to deamidation of glutamine or asparagine side 

chains, which results in a 0.98 Da increase in mass (Yang & Zubarev, 2010).  
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Figure 3-10: Mass spectrum of Vp39 C-terminal proteolysed fragments. This figure shows the deconvoluted 

spectrum produced of a total ion chromatogram extracted from between 9 and 17 minutes elution time. The spectrum 

was deonvoluted using the Bayesian Peptide Reconstruct algorithm in the BioAnalyst software suite, over a mass 

range of 500 to 5000 kDa.  

 

Table 3-4 shows the experimental and calculated masses, mass error, sequence and 

residue ranges of the C-terminal peptides. The most intense peak in the spectrum was 

the 4,002.148 Da fragment: 

S250VVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV286. A larger 4,506.438 Da 

fragment produced following proteolysis after Lys245 was also detected, but at less than 

5% of the maximum signal intensity. This suggests that the C-terminal itself is stable in 

solution. 

Identification of a stable C-terminal peptide, combined with the identification of a 28 

kDa domain with a defined boundary suggests that Vp39 is composed of two domains: 

a large N-terminal 28 kDa domain and a much smaller 4 kDa C-terminal domain linked 

by a flexible linker consisting of residues F246LSR249. Further experiments were carried 

out to purify the N-terminal domain for structural characterisation. Experiments aimed 

at purifying the C-terminal domain or mutating the linker region to increase protease 

stability were not carried out due to time constraints. These approaches could form the 

basis of future research.
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Observed MW (Da) Sequence Residues Calculated MW (Da) Error (Da) 

4,506.438 FSLRSVVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 246 - 285 4,505.391 1.047* 
4,358.366 SLRSVVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 247 - 285 4,358.312 0.054 

4,271.342 LRSVVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 248 - 285 4,271.291 0.051 

4,158.259 RSVVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 249 - 285 4,158.196 0.063 

4,002.148 SVVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 250 - 285 4,002.106 0.042 

3,915.105 VVEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 251 - 285 3,915.063 0.042 

3,816.063 VEFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 252 - 285 3,816.006 0.057 

3,716.998 EFDGRATLEQRALDTYDDVLLTRPLINGVQTVV 253 - 285 3,716.926 0.072 

3,587.952 FDGRATLEQRALDTYDDVLLTRPLINGVQTVV 254 - 285 3,587.895 0.057 

3,440.870 DGRATLEQRALDTYDDVLLTRPLINGVQTVV 255 - 285 3,440.815 0.055 

3,326.851 GRATLEQRALDTYDDVLLTRPLINGVQTVV 256 - 285 3,325.789 1.062* 

3,268.812 RATLEQRALDTYDDVLLTRPLINGVQTVV 257 - 285 3,268.778 0.034 

3,112.730 ATLEQRALDTYDDVLLTRPLINGVQTVV 258 - 285 3,112.666 0.064 

3,041.696 TLEQRALDTYDDVLLTRPLINGVQTVV 259 - 285 3,041.629 0.067 

2,940.642 LEQRALDTYDDVLLTRPLINGVQTVV 260 - 285 2,940.581 0.061 

2,827.554 EQRALDTYDDVLLTRPLINGVQTVV 261 - 285 2,827.497 0.057 

2,698.514 QRALDTYDDVLLTRPLINGVQTVV 262 - 285 2,698.454 0.060 

2,570.452 RALDTYDDVLLTRPLINGVQTVV 263 - 285 2,570.396 0.056 

2,414.358 ALDTYDDVLLTRPLINGVQTVV 264 - 285 2,414.306 0.052 

1,408.862 LTRPLINGVQTVV 273 - 285 1,408.840 0.021 

Table 3-4: Theoretical LC-MS matches of Vp39 C-terminal peptides. This table shows the measured mass, peptide fragment sequence, residue range, calculated mono-isotopic mass 

and mass differences of a series peptide fragments identified by LC-MS of in-situ proteolysed Vp39. *Mass shifts of 0.984 Da can result from deamidation of asparagine or glutamine 

residues.  
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3.2.3.3 Purification of the N-terminal domain 

Having identified the domain boundary of the N-terminal domain, a C-terminal deletion 

construct was cloned to see whether this domain was soluble on expression. The fusion 

construct consisting of residues 1-245 of Vp39 together with an N-term His6-tag and 

MBP carrier protein, and TEV site over-expressed in BL21 (DE3) cells in LB media at 

18 ˚C. Figure 3-11 shows an SDS PAGE gel of an attempted IMAC purification of the 

fusion construct. 

 
 

 

Figure 3-11: Purification of MBP-TEV-Vp39 1-245. This figure shows SDS PAGE analysis of the IMAC 

purification of MBP-TEV-Vp39 1-245. L: Protein ladder, 1: Lysate, 2: Flowthrough 1, 3: Flowthrough 2, 4-7: 

Washes (0- 50 mM imidazole), 8: Elution 1 (500 mM imidazole), 9: Elution 2 (500 mM imidazole). Fusion protein of 

Vp39 C-terminal truncation shown by black arrow.  

 

MBP-TEV-Vp39 1-245 was soluble but could not be purified. The protein did not bind 

to NiNTA resin, and was primarily found in the flow-through solution shown by the 71 

kDa band (lanes 2 and 3). Affinity chromatography using amylose or ion exchange 

resin was also unsuccessful (not shown). The small amounts of fusion protein that 

bound to the NiNTA resin (lanes 8 and 9) precipitated on concentration for SEC. 

Cleavage of the flow-through solution with rTEV protease allowed the cleaved MBP 

carrier protein to subsequently bind to both IMAC and amylose resin (not shown). This 

suggests that the N-terminal domain expressed as a soluble aggregate.  

The 28 kDa domain was eventually purified from partially proteolysed MBP-fusion 

protein. The MBP-fusion protein was lysed without the addition of the Complete mini 

protease inhibitor tablets, and following the detection of proteolysis by SDS PAGE over 

a period of days, the partially proteolysed protein was purified by S200 SEC. Fractions 

from the trailing edge of the peak containing only the proteolysed fusion protein were 
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pooled together, shown in figure 3-12. Lane 1 shows the pooled fractions taken from 

the centre of peak and is composed of the fusion protein of full-length Vp39 (≈ 76 

kDa), proteolysed fusion protein (≈ 71 kDa and ≈ 68 kDa) as well as bands 

corresponding to cleaved MBP (≈ 42 kDa), full length Vp39 (≈ 32 kDa) and 

proteolysed VP39 (≈ 28 kDa).  

Protein pooled from the trailing edge of the SEC peak was free from contaminating full-

length Vp39 (lane 3). Lane 4 shows the protein solution after rTEV cleavage and shows 

no band migrating with a molecular weight of ≈ 32 kDa. This solution was further 

purified by subtractive IMAC to remove cleaved MBP and rTEV protease. The flow-

through solution was concentrated to 5 mg mL-1 and stored at 4 ˚C for two weeks before 

being visualised using negative stain electron microscopy. 

 
 

 

Figure 3-12: Purification of 28 kDa domain from proteolysed Vp39. This figure shows SDS PAGE analysis of 

rTEV cleavage of partially proteolysed MBP-TEV-Vp39 to purify the 28 kDa domain of Vp39. Proteolysed protein 

was separated by S200 SEC and fractions containing only the proteolysed fusion protein were pooled and cleaved 

with rTEV protease. L: Protein ladder, 1: Full-length Vp39 contaminated pooled fractions before cleavage. 2: After 

cleavage. 3: Pooled fractions containing only the proteolysed fusion protein before cleavage. 4: After cleavage. 

 

Figure 3-13 shows negative stain electron micrographs of the purified 28 kDa domain 

(A), and the precipitate of assembled full-length Vp39 (B) for comparison. No helical 

assemblies were observed in negative stain electron micrographs of the 28 kDa 

proteolysed domain confirming the results of the differential pelleting shown in figure 

3-5. Small aggregates with diameters between 6 to 8 nm were however visible in 

electron micrographs of the 28 kDa domain sample. Whether these represent a different 

form of Vp39 or unfolded protein remains to be determined. 
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Figure 3-13: Supernatant and pellet of purified Vp39. This figure shows negative stain electron micrographs of 

the purified 28 kDa proteolytic product of Vp39 and the precipitated full-length Vp39 after two weeks storage at 4 

˚C. (A) Negative stain micrographs of the soluble 28 kDa fragment of Vp39. The 28 kDa domain was cleaved from 

proteolysed fusion protein that was separated from the full-length fusion protein by S200 SEC purification. Scale bar 

50 nm. (B) Precipitated Vp39 tube-like structures. Scale bar 50 nm. 

 

3.2.3.4 Vp39 self-assembly screening 

Experiments were then carried out to identify conditions that alter Vp39 assembly by 

either preventing oligomerisation to produce a mono-disperse protein solution or 

producing well ordered assemblies that more closely resemble the virus capsid. The 

MBP-fusion protein was cleaved with rTEV protease in buffers composed of additives 

that had been previously used to alter the assembly of the HIV capsid protein (Lampel, 

Bram, Levy-Sakin, Bacharach, & Gazit, 2013). Representative negative stain 

micrographs of cleaved Vp39 produced in the various buffers are shown in figure 3-14.  
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Figure 3-14: Vp39 osmolyte assembly screening. This figure shows representative electron micrographs 

monitoring the cleavage of purified MBP-TEV-Vp39 in the absence and presence of 500 mM of a number of 

chemical additives previously shown to inhibit or promote protein macromolecular assembly. (A) Control, (B) 

TMAO, (C) Glycine Betaine, (D) Glycine, (E) Glycerol, (F) Maltose, (G) Trehalose, (H) Sorbitol and (I) Ethylene 

glycol. Micrographs were recorded after one week. Scale bar 100 nm.  
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SDS PAGE was used to confirm that the fusion protein had been cleaved by rTEV 

protease in the buffer. In figure 3-15, the gel shows the absence of a band 

corresponding to the full-length fusion protein (75 kDa). There are two strong bands 

corresponding to MBP (42 kDa) and full length Vp39 (32 kDa), and a minor band 

corresponding to rTEV protease (27 kDa). Addition of glycine betaine interfered with 

the running of the gel (lane 3). This shows that the fusion protein was completely 

cleaved in the various buffers. 

 
 

 

Figure 3-15: SDS PAGE of osmolyte assembly screening. This figure shows SDS PAGE analysis of rTEV 

cleavage of the MBP-TEV-Vp39 fusion protein in the in the presence of 500 mM of the respictive osmolytes. L: 

Protein ladder, 1: Control, 2:TMAO, 3: Glycine betaine*, 4: Glycine, 5: Glycerol, 6: Maltose, 7: Trehalose, 8: 

Sorbitol, 9: Ethylene glycol. *Addition of glycine betaine caused smearing of the SDS PAGE gel. Cleaved full-

length Vp39 is shown by the arrow. 

 

A significant amount of protein aggregation was observed in micrographs produced 

from all chemical conditions tested except TMAO. Aggregation was also significantly 

reduced by cleavage in trehalose. The presence of protein aggregates prevented 

quantitative determination of tube assembly rates by light scattering experiments as the 

aggregates themselves would scatter light (Zhao et al., 2016). 

Based on the presence of tube assemblies in the negative stain micrographs, cleavage in 

TMAO, glycine, maltose and sorbitol promoted tube assembly over the control 

condition. Betaine, glycerol, trehalose and ethylene glycol reduced tube assembly, as 

well as reducing the degree of protein aggregation seen in the background of the 

micrographs. TMAO was the strongest promoter of tube assembly, judged by number 

of tube-like assemblies seen in negative stain micrographs. 
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Cleavage in 500 mM glycine produced assemblies that were noticeably wider than the 

type-1 tubes, with a diameter ranging between 25 and 35 nm, similar to the type-2 

assemblies. These structures did not show the dark stained central cavity of the type-1 

structure, and had a ribbon-like appearance. Fourier transforms of the structures did not 

reveal significant periodicity (not shown). Figure 3-16 A shows a larger image of Vp39 

cleaved in 500 mM glycine, while panel B shows Vp39 tubes produced in 500 mM 

TMAO for comparison. This experiment shows that the chemical environment has an 

effect on Vp39 self-assembly. Further optimisation of the cleavage buffer may enable 

the formation of capsid-like Vp39 assemblies. 

 

 
Figure 3-16: Glycine and TMAO assembled Vp39. This figure shows negative stain electron micrographs of Vp39 

tube structures assembled in 500 mM of: (A) Glycine, and (B) TMAO. Vp39 assemblies formed in buffer containing 

glycine have a ribbon-like appearance and lack the highly stained central cavity of the TMAO induced assemblies. 

Glycine induced assemblies are wider, with a diameter of between 30 and 35 nm compared to the 18 to 28 nm 

TMAO induced assemblies. Micrographs were taken after one week following cleavage. Scale bar 50 nm.  

 

3.2.3.5 Characterisation of disulphide-linked Vp39 oligomerisation 

SEC purification of MBP-TEV-Vp39 revealed that Vp39 undergoes DTT reversible 

oligomerisation. Figure 3-17 shows UV traces of three consecutive SEC purifications. 

During the first SEC purification carried out in the absence of reducing agent, the 

protein sample eluted in two major peaks corresponding to monomeric fusion protein 

(peak 2) and cleaved MBP (peak 3). In oxidising conditions a third peak was present 

(peak 1). This peak was reduced on further purification in buffer containing 10 mM 

DTT. As the amino acid sequence of MBP encoded by the pDEST566 vector used to 
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express the Vp39 fusion protein does not have cysteine residues the observed 

oligomerisation must occur through Vp39, which has eight.  

 
 

 

Figure 3-17: Disulphide-linked oligomer formation of MBP-TEV-Vp39. This figure shows UV traces from three 

sequential S200 SEC purifications of the MBP-TEV-Vp39 fusion protein showing DTT reversible oligomer 

formation. Peak 1: MBP-TEV-Vp39 oligomer, 2: MBP-TEV-Vp39 monomer, 3: Cleaved MBP. Differences in 

height of peak 3 reflect loss of cleaved Vp39 during pooling of eluted fractions. 

 

The fusion of an otherwise insoluble protein of interest to MBP sometimes allows the 

expression and purification of an unfolded protein (Nominé et al., 2001b). This raises 

the possibility that the observed Vp39 oligomerisation was the result of non-specific 

disulphide bond formation between cysteine residues that were surface exposed due to 

unfolding of Vp39. To address this, disulphide-bond formation was also characterised 

within the helical arrays produced following cleavage in 500 mM TMAO as described 

in section 3.2.3.4, which is presumably composed of folded Vp39.  

 

MBP-TEV-Vp39 and assembled Vp39 were incubated in SEC buffer ± 20 mM GSSG 

for 16 hours to catalyse disulphide bond formation. The samples were then analysed by 

non-reducing SDS-PAGE to resolve any disulphide-linked oligomers. Figure 3-18 

shows the SDS PAGE gel of the two Vp39 constructs following thermal denaturation in 

both non-reducing and reducing SDS-PAGE loading dye.  
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Figure 3-18: Non-reducing SDS PAGE of Vp39 constructs. This figure shows SDS PAGE analysis of samples of 

the MBP-TEV-Vp39 fusion protein and assembled cleaved Vp39 following 12 hours in either an oxidising buffer, 

non-redox buffer, or reducing buffer. L: protein ladder, 1: Oxidised MBP-TEV-Vp39, 2: Non-reduced MBP-TEV-

Vp39, 3: Reduced MBP-TEV-Vp39, 4: Oxidised assembled Vp39, 5: Non-reduced assembled Vp39, 6: Reduced 

assembled Vp39. Reduced species are shown with black arrows, and disulphide mediated oligomers are shown with 

gray arrows.  

 

After oxidation with GSSG, the majority of the MBP-TEV-Vp39 construct existed as a 

monomer migrating with a molecular weight of 75 kDa. Several oligomers were also 

formed, shown by the grey arrows (lane 1). The lowest molecular weight oligomer 

migrated along with 250 kDa marker, while higher molecular weight oligomers were 

larger than the standard protein markers, and barely entered the resolving gel. Un-

oxidised and reduced MBP-TEV-Vp39 migrated at the expected molecular weight of 75 

kDa, with no significant high molecular weight bands present (lanes 2 and 3).  

Assembled Vp39 denatured after heating in loading dye containing both SDS and DTT, 

and migrated with the predicted molecular weight of a monomer at 32 kDa (lane 6). 

Assembled Vp39 incubated in a non-reducing environment migrated as a series of 

smeared bands (lane 5). A faint band can be seen migrating with the expected molecular 

mass of a monomer and smeared bands are seen between the 50 kDa and 75 kDa 

markers, and above the 150 kDa marker. A thick band migrating between 75 kDa and 

100 kDa is seen after oxidation with GSSG and is shown by the grey arrow (lane 4). A 

small amount of the monomer band is still present, along with several weaker higher 

molecular weight bands migrating with an approximate molecular weight of 150 kDa 

and 250 kDa. 
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The formation of a trimer best explains the apparent molecular weights of the 

disulphide-linked oligomers. The calculated molecular weight of a dimer of cleaved 

Vp39 is 65 kDa and a trimer is 98 kDa. The predominant oligomer band in lane 4 

migrates between the 75 and 100 kDa molecular weight marker and is noticeably larger 

than the adjacent 76 kDa fusion protein in lane 3. Likewise, the calculated molecular 

weight of a trimer of the fusion protein is 229 kDa, and the first oligomer of the fusion 

protein migrates around the 250 kDa marker.  

The formation of a disulphide-linked trimer would require that each Vp39 monomer 

have two surface exposed cysteine residues to form disulphide bonds with two other 

Vp39 monomers. Gel bands of the 75 kDa monomer of MBP-TEV-Vp39 reacted with 

20 mM GSSG (lane 1) and the oligomer of assembled Vp39 reacted with 20 mM GSSG 

(lane 4) were analysed using LC-MS/MS to identify surface exposed cysteine residues 

or inter-molecular disulphide bonds.  

Two peptide fragments with glutathionylated cysteine residues and three putative intra-

molecular disulphide bonds were identified, accounting for all eight cysteine residues in 

the Vp39 sequence. Table 3-5 lists the Vp39 peptide fragments assigned to masses 

detected by LC-MS/MS that contain modified cysteine residues.  

Peak (m/z) Observed 
MW (Da) 

Sequence Modification Calculated 
MW (Da)  

Error 
(PPM) 

Trypsin/ GluC      
600.2487 [M+2H]2+   1198.4974  PCELNNYCVF - H2 1198.4787 15.6 

891.3308 [M+2H]2+   1780.6616 CNDYGTQCSSDAYNSR - H2 1780.6417 11.2 

613.5858 [M+4H]4+   2450.3432  LQFNINTILGLVSPSMLCK + LCK 2450.3099 

 

13.6 

440.6969 [M+4H]4+   1758.7876  SDGTFICNYHLGK + GSH 1758.7342 30.4 

678.2460 [M+2H]2+   1354.4920  FDTCTFTSE + GSH 1354.4693 16.7 

AspN      

605.7741 [M+4H]4+   2419.0964  DVVTYEPCELNNYCVFQGVMV - H2 2419.0534 17.8 

795.7996 [M+2H]2+   1589.5992 DIMRCNDYGTQCSS - H2 1589.5909 5.2 

Table 3-5: Theoretical LC-MS/MS matches of cysteine containing Vp39 peptides. This table lists the mass peak, 

measured mass, peptide fragment sequence, modifications, calculated monoisotopic masses for modified sequence 

and mass differences of a series peptide fragments identified by LC-MS/MS of oxidised assembled Vp39. Internal 

disulphide bond formation is denoted by -H2. Disulphide cross-linking with the small proteolytic fragment LCK is 

denoted by +LCK. Glutathionylation is denoted by +GSH. 

 

The [M+2H]2+ 600.2487 m/z ion was matched to a peptide with an internal disulphide 

bond, P8CELNNYCVF17, although this fragment was assigned with a low confidence 
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score by the Paragon algorithm (> 5%). The CID spectrum showed strong peaks for Phe 

and Tyr immonium ions (Papayannopoulos, 1995), and y1 and y2 fragment ions, but 

had low signal above 300 m/z. Internal disulphide bonds in peptides can create 

complicated fragmentation patterns due to internal backbone fragmentations and 

asymmetric fragmentation of the disulphide bond (Mormann et al., 2008), or can 

suppress fragmentation. Additionally, the C-terminus of the predicted peptide was 

Phe17, as opposed to a Lys, Arg or Glu residue expected from digestion by Trypsin and 

GluC. This can be caused by the activity of a self-cleaved isoform of trypsin called 

pseudotrypsin which shows increased non-specific cleavage after Phe and Tyr residues 

(Dycka et al., 2015).  

Two further intra-protein disulphide bonds were assigned to masses within the 

precursor spectrum with confidence scores of 99%. The [M+2H]2+ 891.3308 m/z ion 

was matched to a peptide that also had an internal disulphide bond, 

C27NDYGTQCSSDAYNSR42. The CID spectrum showed strong peaks matching y+ 

series ions, indicating a high confidence match.  

The [M+4H]4+ 613.5858 m/z ion matched a disulphide cross-linked fragment composed 

of the L146QFNINTILGLVSPSMLCK164 and L128CK130 tryptic peptides. Inspection of 

the CID spectrum revealed peaks matching both b+ and y+ series ions composed of the 

C-terminal of the larger peptide cross-linked to the smaller LCK peptide, again 

indicating a high confidence match. Because this mass was detected in the spectrum of 

the monomer gel band, we can rule out that this particular disulphide bond linkage as 

being involved in forming the Vp39 oligomer. Figure 3-19 shows the CID spectra of the 

three precursor peaks showing evidence of the formation of intra-molecular disulphide 

bonds in Vp39.  
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Figure 3-19: CID spectra of disulphide bonded Vp39 peptides. This figure shows the collision induced 

dissociation spectra for three Vp39 peptides showing evidence of disulphide bonding identified using ProteinPilot. 

Spectra have been normalised to the height of the tallest fragment peak. The inserts show spectra from a 3 m/z 

window of the precursor ion scan, showing the m/z region surrounding detected disulphide containing peptides for 

both assembled Vp39 and soluble fusion protein.  

 

Disulphide bonds can be scrambled if heated in the presence of free cysteine residues 

(Wang, Lu, Wu, Karger, & Hancock, 2011). LC-MS/MS experiments were repeated in 

solution without thermal denaturation, and were alkylated with iodoacetamide to 
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derivatise any free cysteine residues. Trypsin digestion of soluble MBP-TEV-Vp39 

produced a spectrum with low peptide coverage, and no precursor ions of fragments 

containing the putative disulphide bonds were detected.  

Inspection of the CpGV Vp39 sequence suggested that cleavage at the N-terminal of 

aspartate residues would produce peptide fragments of a suitable size for LC-MS/MS 

analysis, and would produce an extended C-terminal sequence for the 

P8CELNNYCVF17 peptide. It was hoped that this would produce more y+ series 

fragmentation ions to enable a higher confidence assignment of the proposed internal 

disulphide bond. Precursor ions matching AspN peptide fragments with two of the 

previously identified internal disulphide bonds were seen: a [M+2H]2+ 795.7996 m/z 

precursor ion matching the peptide D23IMRCNDYGTQCSS36 and a [M+4H]4+ 

605.7741 m/z precursor ion, matching the peptide 

D2VVTYEPCELNNYCVFQGVMV22. While both precursor ions produced weak CID 

spectra (not shown), the presence of these precursor masses provides supporting 

evidence for the two identified internal disulphide bonds.  

Two glutathionylated peptides were also detected in the spectra of both the monomer 

and oligomer gel bands. This suggests that the cysteine residues in these peptides are 

solvent accessible–and most able to form the observed disulphide-linked oligomer. The 

Paragon algorithm detected no other glutathionylated peptides from the spectra of either 

gel band, which provides evidence that the other six cysteine residues are buried within 

the protein as intra-molecular disulphide bonds. 

The [M+4H]4+ 440.6969 m/z peak was matched to the tryptic peptide 

S43DGTFICNYHLGK55. The CID spectrum showed a number of y+ and b+ series ions 

indicating a high confidence assignment. The [M+2H]2+ 678.2460 m/z peak was 

matched to the trypsin/GluC digested peptide F213DTCTFTSE221. The CID spectrum 

showed strong signals for the Phe immonium ion and three y+ series ions but had low 

signal above 400 m/z. Both spectra showed a peak corresponding to pyroglutamate 

(129.0425 Da), a characteristic ion of glutathione fragmentation (Castro-Perez, Plumb, 

Liang, & Yang, 2005). Figure 3-20 shows the CID spectra of the two glutathionylated 

peptides.  
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Figure 3-20: CID spectra of glutathionylated Vp39 peptides. This figure shows the collision induced dissociation 

spectra for two Vp39 glutathionylated peptides identified using ProteinPilot. Glutathione is labelled as GSH, and 

characteristic glutathione fragmentation products as labelled with an asterisk. Spectra have been normalised to the 

height of the tallest fragment peak. The inserts show spectra from a 3 m/z window of the precursor ion scan, showing 

the m/z region surrounding detected glutathione adducts for both assembled Vp39 and soluble fusion protein.  

 

3.2.3.6 Vp39 phosphorylation 

Unexpectedly, tandem mass spectrometry data revealed that Vp39 was phosphorylated 

on residue Ser43. A [M+2H]2+ 767.8205 m/z precursor mass was matched to the tryptic 

peptide S43DGTFICNYHLGK55. The CID spectrum showed a series of y+ ions 

matching the sequence, indicating a high confidence match. The phosphorylated residue 

was identified from the b-H3PO4 ion series. Loss of H3PO4 is common during 

fragmentation of phosphoserine and phosphothreonine (DeGnore & Qin, 1998). 

Detection of the b3-H3PO4 ion shows the loss of a phosphate group occurs from the 

SDG fragment onwards, as opposed to Thr or Tyr residues later in the sequence. Figure 

3-21 shows the CID spectrum of the phosphopeptide. 
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Figure 3-21: CID spectrum of a phosphorylated Vp39 peptide. This figure shows the collision induced 

dissociation spectra for an E. coli phosphorylated Vp39 peptide identified by the ProteinPilot software. 

 

The detection of a phosphorylated sub-population of Vp39 during LC-MS/MS 

experiments shows evidence of protein inhomogeneity not otherwise detected during 

purification, which could explain the structural variation seen in the assembled 

structures.  

It also raises the more general question of whether phosphorylation is biologically 

relevant to Vp39. Protein phosphorylation is uncommon in E. coli, so the 

phosphorylation of Vp39 may suggest that either this particular region is particularly 

susceptible to phosphorylation generally, or that the sequence coincidentally matches 

the phosphorylation consensus sequence of an E. coli protein kinase. Few protein 

kinases have been identified (Enami & Ishihama, 1984) and the particular kinase 

catalysing Vp39 phosphorylation during expression was not identified. Mass 

spectrometry analysis of Vp39 expressed in T. ni and S. frugiperda insect cell lines may 

help distinguish whether phosphorylation at this site is dependent on E. coli specific 

protein kinases. 

Hou et al. (2012) detected a phosphorylated Vp39 peptide in HaNPV and nucleocapsid 

assembly is dependent on PK-1 (Liang et al., 2013). CpGV PK-1 was expressed during 

the course of this research (see chapter 4) so MBP-TEV-Vp39 was reacted with PK-1 to 

determine if Vp39 was also a substrate for PK-1. Following overnight reaction, the 

fusion protein was digested with trypsin and analysed by LC-MS/MS. A search of the 

mass spectra using the Paragon algorithm in the ProteinPilot software package detected 

three additional peaks matching phosphorylated peptides following reaction with PK-1: 
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a [M+2H]2+ 550.7533 m/z peak, a [M+3H]3+ 671.2994 m/z peak and a [M+2H]2+ 

494.7043 m/z peak. Figure 3-22 shows LS-MS/MS spectra of the three Vp39 

phosphopeptides identified following reaction with PK-1. 

Inspection of the total ion chromatogram at an elution time of 28.45 minutes appeared 

to the show the 671.2994 m/z ion in both the reacted and unreacted samples, although in 

the unreacted sample spectra the isotopic peaks were noticeably weaker, and the isotope 

distribution appears ambiguous (C). 

The remaining two assigned phosphopeptides gave a stronger signal and the precursor 

ion spectra of the PK-1 reacted sample were easily distinguished from the unreacted 

sample (A and B). These results show that when Vp39 is a soluble monomer, it can be 

phosphorylated by PK-1. Similar to the initial peptide, the phosphorylated side-chains 

could be identified based on the b-H3PO4 ion series. Table 3-6 summarises the detected 

mass peaks of phosphorylated Vp39 peptides. 

Peak (m/z) MW  Sequence Calc. MW (Da) 
Modified 

Error (PPM) 

767.8205 [M+2H]2+   1533.641 SDGTFICNYHLGK 1533.6323 5.7 
550.7533 [M+2H]2+   1099.5066 SRFEIPSGK 1099.5063 0.3 

494.7043 [M+2H]2+   987.4086 SVVEFDGR 987.4063 2.3 

671.2994 [M+3H]3+   2010.8982 TFSQQTNFEGYPPFLR 2010.8877 5.2 

Table 3-6: Theoretical LC-MS/MS matches of phosphorylated Vp39 peptides. This table lists the mass peak, 

measured mass, peptide fragment sequence, modifications, calculated monoisotopic masses for modified sequence 

and mass differences of a series peptide fragments identified by LC-MS/MS oxidised assembled Vp39. 

Phosphorylated serine residues are underlined. 
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Figure 3-22: CID spectra of PK-1 phosphorylated Vp39 peptides. This figure shows the collision induced 

dissociation spectra for three Vp39 phosphopeptides identified using ProteinPilot following reaction with PK-1. 

Inserts show precursor ion scan spectra over a 3 m/z window surrounding the detected Vp39 phosphopeptides. 

Spectra have been normalised to the height of the tallest peak within each spectrum. Isotope peaks corresponding to 

the phosphopeptides are denoted with an asterisk. A and B distinctly show detection of the phosphopeptide only after 

reaction with PK-1. The spectra for phosphopeptide C appears to show peaks matching the phosphopeptide in the 

unreacted sample, but these are noticably weaker. 

 

Due to time constraints, I was unable to characterise what effect Vp39 phosphorylation 

had on self-assembly. 
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3.2.4 Sequence analysis 

Figure 3-23 shows a multiple sequence alignment of selected homologs of baculovirus 

Vp39. CpGV Vp39 shared 28.47% identity with the Vp39 homolog from the alpha-

baculovirus type species AcMNPV Vp39, showing a moderate degree of conservation. 

Post-translational modifications of several residues were identified in the course of this 

research: two surface exposed cysteine residues that may be involved in inter-molecular 

disulphide bond formation at an oligomerisation interface, three putative intramolecular 

disulphide bonds and multiple phosphorylated serine residues. 

The two surface exposed cysteine residues, Cys49 and Cysy216, were conserved across 

all Vp39 sequences in the alignment. The cysteine residues involved in two of the 

identified internal disulphide bonds Cys27 – Cysy34 and Cys129 – Cysy163 were also 

conserved. Cys9, which is involved in the putative Cys9 – Cys15 disulphide bond is not 

conserved, raising the question as to whether the assigned disulphide bonds are present 

in the native protein structure. 

None of the four serine residues that were phosphorylated by either expression in E. 

coli or after reaction with PK-1 were conserved. In a proteomics study on HaNPV, Hou 

et al. identified a phosphorylated Vp39 peptide, with the phosphate located on Ser225 

(Ser220 in CpGV). This particular serine residue was also non-conserved across all Vp39 

sequences, however it was present in the CpGV sequence. Phosphorylation on Ser220 

was not detected following reaction with PK-1.  
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Figure 3-23: Sequence alignment of Vp39. This figure shows a multiple sequence alignment of Vp39 homologs 

from five alpha-baculovirus (A. californica NPV, B. mori NPV, H. armigera NPV, S. frugiperda NPV, P. xylostella 

NPV) and five beta-baculovirus (C. pomonella GV, P. rapae GV, H. armigera GV, S. frugiperda GV, and P. 

xylostella GV) species. Conserved residues are highlighted in dark gray, while similar residues are highlighted in 

light gray  

 

3.3 Discussion 
Baculovirus species are used extensively as insecticides and are widely used in 

molecular biology as protein expression vectors. Despite this, the structure of the viral 

capsid has not been determined. The major capsid protein is Vp39, which forms a 

cylinder around the circular dsDNA genome. Interactions of Vp39 with other viral and 

cellular proteins have been described in a number of papers (Danquah et al., 2012; Lu et 

al., 2002; Peng et al., 2010; Wu et al., 2008), however, residues involved in self-

assembly or in interactions with other proteins have not been identified. 

This chapter describes experiments carried out to express and purify recombinant Vp39 

as an alternative to the purification of CpGV capsids described in chapter 5. During 

purification, recombinant Vp39 was observed to oligomerise into micrometre long 

helical assemblies. This prompted further experiments aimed at identifying structural 

features involved in self-assembly, and whether the chemical environment could also 

effect self-assembly. The ease of expressing large quantities of Vp39 in E. coli 

compared to purifying baculovirus capsids make the recombinant helical assemblies a 

promising system for determining the atomic of Vp39 using cryo-electron microscopy, 

and for further elucidating the mechanisms of baculovirus capsid assembly. 
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3.3.1 Purification of Vp39 

When His6-tagged constructs of full length and truncated Vp39 were expressed in E. 

coli, no soluble protein could be recovered. Sufficient yields of soluble protein for 

future work was obtained by expressing the protein fused to the C-terminal of the MBP 

in E. coli and growing the bacteria at 18 ˚C. MBP is widely used to produce soluble 

fusion constructs of otherwise insoluble proteins (Kapust & Waugh, 1999), and the 

crystallisation of MBP-fusion constructs has also been reported (Smyth, Mrozkiewicz, 

McGrath, Listwan, & Kobe, 2003). Inducing protein expression at reduced temperatures 

is commonly used to reduce inclusion body formation in E. coli (Hannig & Makrides, 

1998).  

The effect of MBP on the solubility of fusion constructs has been reported to stem from 

the recruitment of chaperones during folding, and passive chaperone-like effects 

(Kapust & Waugh, 1999; Raran-Kurussi & Waugh, 2012). As Vp39 self-associates to 

form a cylindrical capsid, MBP may also solubilise the protein by blocking self-

assembly. MBP fusion proteins have also been reported to form soluble aggregates of 

mis-folded and inactive protein (Nominé et al., 2001a). 

The fusion protein was initially cleaved with rTEV protease during overnight dialysis to 

remove imidazole from the buffer. The cleaved protein precipitated during dialysis, 

suggesting that Vp39 may unfold after proteolysis, or had never correctly folded. As 

Vp39 is a structural protein, it has no measurable activity that could be used to confirm 

correct folding of the fused protein. This raises the question of whether the soluble 

Vp39 fusion protein represents natively folded protein or a soluble aggregate. If 

correctly folded the soluble fusion construct can be used to characterise protein-protein 

interactions of Vp39 with identified binding partners. Additionally, cleavage of the 

fusion protein can be used as an experimental system for characterising structural 

determinants of capsid assembly. 

A number of factors suggest that Vp39 formed a folded domain when bound to MBP. 

During SEC purification in a reducing buffer, MBP-TEV-Vp39 eluted as a symmetrical 

peak within the column volume, which is characteristic of folded protein. Proteolysis by 

contaminating proteases during purification initially produced two protein fragments 

representing MBP and full length Vp39. Vp39 was further digested into the ≈ 28 kDa 
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fragments over longer periods. Proteins are cleaved preferentially at surface exposed 

flexible loops, and at reduced rates in regions adopting secondary structure or buried 

regions (Kazanov et al., 2011). The preferential cleavage at the site of the flexible linker 

by non-specific proteases, as opposed to cleaving the peptide in the adjacent Vp39 

sequence suggests that Vp39 had formed a folded domain.  

Because these factors pointed to the fact that Vp39 was folded, I carried out buffer 

screening experiments to identify conditions that prevented aggregation of Vp39. 

Buffers can be altered in an unlimited number of ways to increase protein solubility, 

however the time necessary to test all combinations of buffer components becomes a 

limiting factor. In protein crystallography, a similar problem is addressed by use of 

sparse matrix screens (Luft, Newman, & Snell, 2014), and nanoliter pipetting robots 

that allow the testing of 96 solutions at a time (Walter et al., 2003). As vapour diffusion 

experiments concentrate the protein solution, and crystal screens contain precipitants 

that increase local protein concentrations, crystallisation experiments with sparse matrix 

screens also serve as solubility screens (Collins, Stevens, & Page, 2005). The use of 

protein dispensing robots and sparse matrix screens has also been applied to rapidly test 

buffers that maintain protein solubility following the cleavage of difficult to express 

proteins bound to solubility enhancing fusion proteins (Gruswitz et al. 2005). 

While optimisation of the cleavage buffer based on the results of these experiments did 

not allow for the purification of soluble Vp39, soluble cleaved Vp39 was eventually 

produced by cleaving the fusion protein in small volumes to replicate the ratio of fusion 

protein and protease used during solubility screening. Cleaved Vp39 eluted in the 

included volume of the S200 column as a symmetrical peak, which again is generally 

suggestive of a folded protein in solution. 

A potential explanation of the success of ‘small-volume cleavage’ in preventing 

immediate precipitation was the presence of a relatively high concentration of glycerol 

in the cleavage buffer from the rTEV protease buffer. rTEV protease was stored in 20% 

glycerol to prevent ice damage, and was diluted four-fold during the solubility 

screening protocol giving a final concentration of 5% or 685 mM. Glycerol is used to 

stabilise proteins (Vagenende, Yap, & Trout, 2009), and has been observed to inhibit 

HIV-1 capsid protein assembly at a concentration of 500 mM (Lampel et al., 2013). 

Several of the osmolytes used by Lampel et al. were later added during cleavage of the 
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Vp39 fusion protein. Figure 3-14 panels A and E show cleaved fusion protein solutions 

after one week in the absence and presence of 500 mM glycerol. Fusion protein cleaved 

in glycerol showed reduced aggregation compared to the control experiment. 

 

3.3.2 Vp39 capsid assembly. 

Recombinant Vp39 formed two distinct tube types, seen in figure 3-6 B. Both tubes 

were narrower in diameter and showed less apparent periodicity than the purified 

capsids. The most common assembly, the ‘type 1’ structure, was ≈ 26 nm in diameter 

and had a double-walled appearance with thick edges and a highly stained interior 

cavity. Fourier transforms of micrographs of samples viewed by both negative stain and 

cryo-transmission electron microscopy revealed low long-range periodicity. Peaks were 

only visible in the Fourier transforms over limited sections of the cryo-imaged tubes, 

shown in figure 3-8. These peaks appeared as streaks arranged on a series of layers, 

which is characteristic of Fourier transforms of helical structures (Stewart, 1988). 

The second assembly, the ‘type 2’ structure, is more similar in appearance to the 

purified capsid, with a wider diameter of ≈ 35 nm and lacking the double-walled 

appearance of the ‘type 1’ tube. Fourier transforms of the type 2 tube showed a peak 

corresponding to a repeat distance of ≈ 8 nm compared to a repeat distance of ≈ 4.5 nm 

seen in Fourier transforms of purified capsids (see chapter 5). There was also no 

evidence of any disc-like assemblies present in any of the micrographs of full-length 

Vp39 during the assembly process. 

Attempts to identify conditions promoting the formation of the type 2 structure, or a 

native capsid like structure were unsuccessful, however wider assemblies with a tape-

like appearance were formed when the fusion protein was cleaved in 500 mM glycine. 

These also had a diameter of ≈ 35 nm, but periodic structure could not be seen in 

Fourier transforms of negative stain micrographs. In addition to glycine, several other 

buffer conditions altered Vp39 self-assembly: TMAO promoted tube formation and 

trehalose prevented aggregation and inhibited assembly. Trehalose is the primary 

hemolymph sugar in insects, and is present at concentrations of up to 50 mM in fat 

body cells of insect larvae (Jungreis & Wyatt, 1972). Taken together, these results 

suggest that the chemical microenvironment of insect cells may play a role in capsid 

assembly.  
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3.3.3 Identification of Vp39 oligomerisation interfaces. 

This research identified two potential interfaces for Vp39 self-association: through a C-

terminal domain spanning residues 246-285, and through an interface that forms an 

inter-molecular disulphide bond.  

During purification, Vp39 was observed to both precipitate out of solution as tube-like 

structures, and undergo proteolysis in the C-terminal domain after residue Lys245. The 

precipitate was composed of the full-length protein, while the proteolysed domain 

remained in solution. This suggests that the C-terminal region (residues 246-285) 

contains residues required for assembly. The mutation of a conserved glycine residue to 

serine within this region in BmNPV (BmNPV Gly276, CpGV Gly257) results in 

production of defective, aggregated capsids and reduced virion and occlusion body 

production (Katsuma & Kokusho, 2017). Glycine residues are common at protein-

protein interfaces, and typically act as hinges in flexible loops that extend from the 

stable domain of one protomer into a defined pocket of another (Hashimoto, 

Panchenko, & Honig, 2010).  

A further interface can be inferred from the formation of a disulphide-linked Vp39 

oligomer. Oxidation of pre-assembled Vp39 tubes with 20 mM GSSG produced an 

oligomer with an apparent molecular weight of a trimer. LC-MS/MS experiments were 

carried out on digests of gel bands of the oxidised Vp39 oligomer band and MBP-fusion 

protein monomer band. It was hoped that a direct comparison of the spectra of the 

monomer and oligomer would allow the identification of the disulphide bond cross-

linking the oligomers, however this did not turn out to be the case. 

Vp39 amino acid sequences have eight cysteine residues. Two peptide fragments 

containing intra-peptide disulphide bonds were identified in both the oligomer and 

monomer spectra. An additional inter-peptide disulphide bond was identified, but only 

in mass spectra produced from the monomer gel band. Two surface-exposed cysteine 

residues were identified through the detection of a covalently linked glutathione adduct 

on residues Cys49 and Cys216 in both spectra. As the three disulphide bonds account for 

six of the eight cysteine residues in the sequence, and only two surface exposed 

residues were identified, I have inferred that the disulphide bond linking the Vp39 

oligomer is formed between residues Cys49 and Cys216.  
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Baculoviruses express a conserved flavin adenine dinucleotide (FAD) dependent 

sulfhydryl oxidase, p33, to catalyse disulphide bond formation in the cytosol during 

infection (Hakim et al., 2011). It has not yet been determined whether p33 and Vp39 

interact. Characterising potential interactions between these two proteins, and whether 

this causes any rearrangement in disulphide bond connectivity in recombinant Vp39 

will be important for determining if this is important for capsid assembly. Similarly, 

characterising disulphide bond arrangement in the native virus will provide some 

external evidence that recombinant Vp39 has adopted the correct fold within the helical 

assemblies shown in this thesis, or if it has become trapped in an incorrect conformation 

during expression and purification. 

 

3.3.4 Vp39 phosphorylation. 

Tandem mass spectrometry experiments revealed that Vp39 was phosphorylated on 

four serine residues: Ser43, Ser62, Ser176 and Ser250. One of the phosphorylation sites was 

detected from expression in E. coli, and two of the other sites were only detected 

following reaction with the CpGV protein kinase PK-1. The origin of the remaining 

phosphorylation site was ambiguous. Hou et al. (2013) published the proteomes of both 

the BV and ODV from HaNPV, and reported that Vp39 was phosphorylated on residue 

Ser225 (Ser220 in CpGV) in ODV only. 

While PK-1 is required for capsid assembly, helical arrays of Vp39 with a similar 

appearance to the native capsid are still observed in cells infected with PK-1 knockout 

recombinant AcMNPV. Combined with the fact that Vp39 derived from nucleocapsids 

purified from HaNPV BV is not phosphorylated suggests that phosphorylation is not 

required for correct Vp39 self-assembly. Whether Vp39 phosphorylation has any 

functional role in the baculovirus lifecycle remains to be determined. 

Figure 3-24 shows a summary of the domain structure and post-translation 

modifications identified during the course of this research. 
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Figure 3-24:Schematic diagram of Vp39. This figure shows a schematic diagram of the domain structure and post-

translational modifications observed while characterising CpGV Vp39. Putative disulphide bonds are shown by solid 

lines linking cysteine residues. Glutathione derivatized surface exposed cysteine residues are denoted by GSH. 

Phosphorylation sites are denoted with a P. Cleavage sites of the proteolytically sensitive C-terminal domain linker 

are shown by the solid wedges. Conserved residues are shown with grey circles. 

 

3.3.5 Future work. 

This work presents a method for forming tubular assemblies of the major capsid protein 

expressed in E. coli. The formation of these assemblies, along with results from 

experiments carried out to identify factors that affect Vp39 oligomerisation suggest 

several avenues for further research. 

1) Preliminary cryo-electron microscopy experiments suggest that the Vp39 assemblies 

are helical. However, these assemblies showed low long-range periodicity preventing 

structure determination. This raises the question of whether high-resolution periodic 

information from sections of these structures can be recorded using an electron 

microscope fitted with a direct electron detector and/or phase plate to increase contrast? 

Can the cleavage buffer conditions be optimised to produce Vp39 helical arrays with a 

well-ordered structure?  

2) In addition to the low long-range periodicity, helical assemblies of E. coli expressed 

Vp39 had a different morphology than purified baculovirus capsids, and the diameter of 

these tubes varied along the distance of a single tube. What is the structural basis for 
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differences in tube morphology? What factors control the assembly of Vp39 into the 

distinct tube structures in vitro? Are these narrower tube structures observed in vivo, 

and if not, what prevents their formation? Can E. coli expressed Vp39 be induced to 

form native capsid like assemblies through further altering the chemical environment?  

3) The region spanning residues 246 to 249 of the C-terminal is protease sensitive, and 

proteolysis prevented the oligomerisation of Vp39 into helical arrays. A C-terminal 

domain spanning residues 250 to 285 was detected by LC-MS. Can this C-terminal 

region be expressed as a soluble domain by itself or as a fusion construct, and if so, 

what is the oligomeric state? Does the C-terminal interact with the N-terminal domain? 

What specific C-terminal residues are involved in Vp39 oligomerisation? Can a soluble 

construct be expressed by introducing mutations to this region?  

4) Vp39 formed a disulphide-linked oligomer and two surface exposed cysteine 

residues have been identified: Cys49 and Cys216. Baculoviruses express a disulphide 

bond forming sulfhydryl oxidase enzyme, p33. Is Vp39 a substrate for p33? Does 

mutating Cys49 and Cys216 to other residues effect capsid formation in vivo, or alter self-

assembly of recombinant Vp39? Does incubation of p33 with Vp39 alter the 

morphology of the self-assembled tubes?  

5) Vp39 was phosphorylated on Ser43 during expression in E. coli. Several additional 

serine residues were phosphorylated by CpGV PK-1. Is the observed phosphorylation 

also seen in vivo during the baculovirus lifecycle? If so, what function does Vp39 

phosphorylation play?
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Chapter 4 Characterisation of CpGV PK-1 
Protein phosphorylation plays an important role in the baculovirus lifecycle: 

baculoviruses express both a protein kinase, PK-1 and a protein phosphatase, PTP-1 

(Takagi, Taylor, Kusakabe, Charbonneau, & Buratowski, 1998). PK-1 is conserved 

across baculoviruses infecting Lepidoptera (alpha and beta-baculoviruses) and is 

predicted to encode a serine/threonine protein kinase (Miele, Garavaglia, Belaich, & 

Ghiringhelli, 2011). Purified nucleocapsids have protein kinase activity (Wilson & 

Consigli, 1985a). In AcMNPV, deletion of PK-1 prevents nucleocapsid assembly (A. Li 

et al., 2015b). 

In addition to being required for capsid assembly, PK-1 activity is believed to be 

necessary for the release of DNA from the capsid after it enters the cell (Wilson & 

Consigli, 1985b) and for the over expression of the very late genes polyhedrin and p10 

to complete the viral lifecycle (A. Li et al., 2015b). Both DNA release and late gene 

expression involve the phosphorylation of a small, arginine-rich DNA binding protein, 

p6.9. Vp39 and p6.9 is the most abundant protein in the nucleocapsid and p6.9 is 

thought to compact the baculovirus genome into the cylindrical capsid. 

PK-1 is an unusual protein kinase because it is believed to phosphorylate p6.9 on a 

number of arginine residues (most protein kinases phosphorylate serine, threonine or 

tyrosine side-chains). Li et al. (2015) characterised the post-translational modifications 

of AcMNPV p6.9 using mass spectrometry and detected several phosphorylated 

arginine residues, some of which were dependent on PK-1 expression. There are 

presently no published structures of protein arginine kinases. Given the importance of 

kinases in controlling cellular processes, the atomic structure a kinase that 

phosphorylates arginine is of wider interest. 

This chapter describes the recombinant expression, purification, crystallisation, and 

biochemical characterisation of CpGV PK-1. Analyses of the amino acid sequence and 

the crystal structure together with biochemical data revealed that PK-1 is unique 

member of the protein kinase family that acts as a constitutive dimer, despite lacking 

several functionally important residues that are conserved in other kinases.
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4.1 Methods 

4.1.1 Cloning 

PK-1 was cloned into the pDEST566 vector using restriction ligation cloning. The ORF 

encoding PK-1 was amplified by PCR from genomic DNA using the PK-1_F and PK-

1_R primers (Table 2-5), followed by amplification using the Gateway_generic_F and 

Gateway_generic_R primers (Table 2-5). The insert and pDEST566 vector were both 

digested with BsrGI and the insert was ligated into the pDEST566 vector. A single 

nucleotide deletion causing a frame-shift mutation was discovered during sequencing 

and corrected by restriction enzyme mediated inverse PCR. The whole plasmid was 

amplified using the primers PK-1_rescue_F and PK-1_rescue_R (Table 2-5), digested 

with SmaI and StuI to generate compatible overhangs, and re-ligated.  

Table 4-1 shows the biophysical properties of PK-1, the expressed fusion protein and 

cleaved product. Cleaved PK-1 consists of the 279 PK-1 amino acids flanked by four 

residues at the N-terminal left over from the rTEV cleavage site linker. 

Construct Amino 
acids 

Molecular 
Weight (Da) 

Extinction 
Coefficient 

Abs 
(1%) 

Theoretical PI 

PK-1 279 32,566 30,630 9.4 5.81 

His-MBP-TEV-PK-1 

 

680 76,648 99,950 13.0 5.68 

Cleaved-PK-1 283 32,838 30,620 9.33 5.81 

Table 4-1: PK-1 constructs and biophysical properties. Protein properties were derived from the amino acid 

sequence using the ProtParam webserver. 

 

4.1.2 Protein expression and purification  

4.1.2.1 Protein expression and IMAC purification  

The MBP-TEV-PK-1 fusion protein was expressed and purified using the general 

methods described in section 2.5, unless otherwise stated. The plasmid was transformed 

into Rosetta™ (DE3) cells by electroporation and expressed in LB medium at 18 ˚C for 

16 hours. The expressed fusion protein was purified using IMAC and SEC, followed by 

cleavage of the MBP tag with rTEV protease. Subtractive IMAC was then used to 

remove the cleaved MBP and rTEV protease. The cleaved fraction was concentrated 

with a 30 kDa cut-off spin concentrator (Merck Millipore). During concentration, PK-1 

precipitated in the SEC buffer. The protein solution was removed to a microfuge tube 

and was centrifuged for 10 minutes at 21,130 rcf at 4 ˚C in a 5425R desktop centrifuge 
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(Eppendorf). Soluble PK-1 still present in the supernatant was further purified by SEC, 

as described in section 2.5.6. 

 

4.1.2.2 Solubility testing and purification by crystallisation 

The precipitate appeared crystalline under a stereo-microscope. The supernatant was 

removed and the pelleted protein was resuspended in SEC buffer. The crystalline slurry 

was diluted five-fold into 40 µL of a selection of buffers with pH values ranging 

between 5 and 9, and NaCl concentrations between 50 and 200 mM (Seabrook & 

Newman, 2013). The solutions were then viewed under a microscope to identify buffers 

that completely dissolved the crystalline precipitate. A low pH buffer (50 mM Citrate 

buffer pH 5.0, 200 mM NaCl 3 mM NaN3) was eventually found to dissolve PK-1.  

The reproducibility of crystallisation at pH 8.0 and solubilisation at pH 5.0 of cleaved 

PK-1, and the high purity of protein attained using this method prompted the use of 

crystallisation as a purification step. Protein was stored as crystalline slurry at 4 ˚C and 

collected using a 0.22 µm cut-off spin-filter (Pall Life Sciences). The solution was 

centrifuged for 10 minutes at 5,000 rcf, then the filtrate was removed and the crystals 

were washed by spin filtering with further SEC buffer. The retained material was then 

dissolved in citrate buffer, and centrifuged again through a 0.22 μm cut-off spin-filter to 

remove any remaining protein precipitates. The filtrate was then used for further 

experiments. 

 

4.1.3 PK-1 Activity and function 

4.1.3.1 Acetic acid urea polyacrylamide gel electrophoresis activity assay 

PK-1 activity was confirmed using acetic acid urea (AU) PAGE to resolve denatured 

peptides based on charge. This allows the separation of peptides with different 

phosphorylation states that would not be resolved when analysed by SDS PAGE. The 

presence of multiple charge species produces multiple bands on an AU PAGE gel.   

Protamines are small, arginine rich proteins involved in DNA condensation (Brewer et 

al., 1999), and have been previously used as PK-1 substrate analogues (Wilson & 

Consigli, 1985a). A 10 mg mL-1 stock solution of salmon protamine sulphate (Sigma 
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Aldrich) was prepared by dissolving the lyophilized powder in H2O, then filtered with a 

0.22 µm cut-off spin-filter, and stored at -20 ˚C.  

Protamine was diluted to a final concentration of 1 mg mL-1 in a kinase buffer 

composed of 100 mM HEPES, 200 mM NaCl, 50 mM MgCl2 and 10 mM ATP. The 

reaction was started by the addition of PK-1 (0.2 mg mL-1 final concentration) then 

mixed at 27 ˚C. Samples of 10 µL were taken at 1 minute, 5 minutes, 10 minutes, 30 

minutes, 1 hour, 3 hours, 6 hours and 12 hours after the start of the reaction and then 

snap frozen in LN2 and stored at -20 ˚C. Further experiments were carried out to 

determine the cation specificity of PK-1. Reactions were carried out in a similar 

manner, except that the 50 mM MgCl2 was replaced in the kinase buffer by 50 mM 

MnCl2, ZnCl2 and CaCl2 respectively. PK-1 activity was further characterised in the 

presence of 1 mM of two tyrosine kinase inhibitors, Danusertib and Nintedanib, that 

were identified as interacting with PK-1 from differential scanning fluorimetry 

experiments (section 4.1.4). Samples were snap frozen in LN2 after 12 hours. Frozen 

samples were thawed on ice and mixed with 2 x loading dye before electrophoresis. 

 

4.1.3.2 Fourier transform-ion cyclotron resonance mass spectrometry 

Protamine phosphorylation by PK-1 was characterised using Fourier-transform ion 

cyclotron resonance mass spectrometry (FT-ICR-MS). Dr Nicholas Demarais from the 

School of Biological Sciences, University of Auckland, kindly performed the FT-ICR-

MS experiments. Experiments were carried out on a Bruker SolariX XR 7T Fourier 

transform-ion cyclotron resonance mass spectrometer with a Nanospray ion source 

operated in off-line mode (Bruker Daltonics, Billerica, MA) under control of 

ftmsControl software package (v2.1.0). 

The unreacted protamine sample was diluted to 0.05 mg mL-1 with 1% formic acid in 

acetonitile (30:70 acetonitrile: MQ H2O). Protamine was phosphorylated as described in 

section 4.1.3.1. After the overnight reaction at 27 ˚C, the sample was washed and 

concentrated using a ZipTip packed with C18 resin (EMD Millipore), and diluted to 

0.05 mg mL-1 with 1% formic acid in acetonitile (30:70 acetonitrile: MQ H2O).  

Data sets were collected in the broadband, positive ion mode, with 100 spectra 

from m/z 100 – 3000 collected for each sample. Monoisotopic masses were were 
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extracted using the modified THRASH algorithm (SNAP ver 2.0) in the DataAnalysis 

software package (v4.4; Bruker Daltonics), using a quality factor threshold of 0.4; S/N 

threshold of 2; and maximum charge state of 20. The observed monoisotopic masses 

were compared to the theoretical monoisotopic masses of the four major isoforms of 

chum salmon protamine (Gucinski, Boyne, and Keire 2015), with the addition of up to 

10 phosphate groups. 

 

4.1.3.3 DNA polyacrylamide gel electrophoresis assay 

A protein arginine kinase has been previously isolated from dsDNA (Levy-Favatier, 

Delpech, & Kruh, 1987). To investigate if PK-1 also interacted with DNA, an 

electrophoretic mobility shift assay (Hellman & Fried, 2007) was carried out using 

plasmid DNA (≈ 6500 bp) as a probe. The plasmid (200 ng µL-1 final concentration) 

was mixed with PK-1 (400, 200, 100, 50 and 25 ng µL-1 final concentration), in 10 mM 

TRIS, 1 mM EDTA, pH 8.0. Samples were left for an hour at room temperature then 

diluted in half with loading buffer (30 % V/V glycerol, 25 mM Citrate, 100 mM NaCl 

pH 5.0). Samples containing 1000 ng of DNA were pipetted into a pre-equilibrated 

TBE polyacrylamide gel, and electrophoresed for three hours at 50 V, 10 mA. Gels 

were stained with 5 µL of ethidium bromide (10 mg mL-1 stock solution), diluted in 50 

mL of TBE buffer, and visualised using Gel-Doc XR+ imaging system (Bio-Rad) after 

one hour of staining. 

 

4.1.4 Differential scanning fluorimetry 

Differential scanning fluorimetry (DSF) is a technique used for measuring the thermal 

denaturation of proteins and has been used to identify ligand interactions that stabilize 

proteins (Vedadi et al., 2006). Ligands can be used to stabilize particular enzyme 

conformations and suggest catalytic mechanisms (Treiber & Shah, 2013). Changes to 

the thermal stability of purified PK-1 were measured in the presence of eight broad-

specificity tyrosine kinase inhibitors kindly provided by Ms Lia Yosatmadja from the 

School of Biological Sciences, University of Auckland. Table 4-2 lists the inhibitors 

assayed and their target kinases. 



4.1 Methods  Chapter 4: Characterisation of CpGV PK-1  

 101 

Purified PK-1 solution was diluted to 40 µL in 50 mM Citrate buffer pH 5.0, 200 mM 

NaCl 3 mM NaN3. Kinase inhibitor solutions were supplied as 100 mM stock solutions 

in DMSO. Working solutions were prepared by diluting the stock solution 10-fold into 

MQ H2O. A 1:25th working solution of the fluorescent dye Sypro orange was prepared 

by diluting the stock solution with MQ H2O. Samples were prepared by mixing 40 µL 

of the protein solution with 5 µL of both the inhibitor (or 10% DMSO solution in the 

control) and dye working solutions, giving a final protein concentration of 0.32 mg mL-

1.  

Solutions were pipetted in triplicate into transparent 96 well plates (Bio-Rad), and the 

assay was carried out using an iQ5 real-time PCR cycler (Bio-Rad). The temperature 

was increased from 25 ˚C to 95 ˚C at a rate of 1 ˚C per minute, and fluorescence 

measurements were taken at 570 nm. Averaged fluorescence values were subtracted 

from a buffer and dye only control and the Tm of PK-1 was identified from the maxima 

of the first derivative of the fluorescence data. 

Inhibitor Targets 

Pazopanib VEGFR1, VEGFR2, VEGFR3, FGFR, PDGFR, c-Kit, c- Fms 
 

Brivanib VEGFR2, Flk1, FGFR1, VEGFR1, EGFR, LCK, PDGFRβ, PKCα, JAK3 
 

BGJ-398 FGFR1, FGFR3, FGFR2, FGFR3 (K650E), FGFR4, VEGFR2, Lyn, Kit, YES, Fyn, Abl, LCK 
 

AZD-4547 FGFR1, FGFR3, FGFR2, KDR, FGFR4, IGFR, Axl, CDK2, FAK, ROCK2, Akt1, ALK1, p38, PI3Kna 

Danusertib Aurora A, Abl, RET, TrkA, FGFR1, Aurora C, Aurora B 
 

Ponatinib Abl, PDGFRα, VEGFR2, FGFR1, c-Src, c-Kit, Insulin Receptor, IGF-1R, Aurora A, CDK2/CyclinE 
 

Nintedanib VEGFR2, VEGFR3, LCK, FLT3, VEGFR1, FGFR2, PDGFRα, PDGFRβ, FGFR1, FGFR3, Src, Lyn, FGFR4, 
IGF-1R, Insulin Receptor, CDK1, CDK2, CDK4, EGFR, HER2 

Dovitinib FLT3, c-Kit, FGFR1, VEGFR3/FLT4, FGFR3, VEGFR1/FLT1, VEGFR2/Flk1, PDGFRβ, CSF-1R/c-Fms, 
PDGFRα, Insulin Receptor, EGFR, c-Met, EphA2, Tie-2, IGF-1R, HER2 

Table 4-2: Protein kinase inhibitor for DSF experiments. This table shows the protein kinase inhibitors screened 

for interaction with PK-1, and their previously identified targets. 

 

4.1.5 X-ray crystallography 

4.1.5.1 Crystallisation 

Initial crystallisation experiments used protein recovered from the supernatant of 

precipitated PK-1. Recovered soluble protein was diluted to a concentration to 5 mg 

mL-1 in SEC buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 2 mM TCEP, 3 mM NaN3) 

and used for robotic crystallisation with the JCSG+ and PACT premier screens. These 

experiments were repeated using PK-1 purified by reversible crystallisation in citrate 
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buffer (50 mM Citrate pH 5.0, 200 mM NaCl, 3mM NaN3), at concentrations of 3.4 and 

5 mg mL-1.  

 

4.1.5.2 Co-crystallisation experiments 

Nucleotides, non-hydrolysable nucleotide analogues, a substrate analogue and tyrosine 

kinase inhibitors were added protein solutions before crystallisation. Co-crystallisation 

experiments were initially carried out in an attempt to improve diffraction of PK-1 

crystals, and to stabilise flexible loops and identify functional residues within the active 

site after determination of the crystal structure (Hassell et al., 2007). Table 4-3 lists the 

compounds added during crystallisation trials. 

Nucleotides Divalent cations Kinase inhibitors Substrate analogue 

AMP (1 mM) MnCl2 (10 mM) Nintedanib (1 mM) Protamine sulphate (0.16 mM) 

ATP (1 mM) MgCl2 (10 mM) AZD-4547 (1 mM)  

AMP-PNP (1 mM) ZnCl2 (10 mM) Danusertib (1 mM)  

AMP-PCP (1 mM)    

Table 4-3: Co-crystallisation additives. Co-crystallisation experiments were conducted using a number of different 

nucleotides, divalent cation, inhibitors and substrates. Final concentrations of the additives are given in brackets. 

 

Stock solutions of the nucleotides, nucleotide analogues and inhibitors (10 mM) were 

prepared in H2O and diluted into the protein solution (50 mM Citrate pH 5.0, 200 mM 

NaCl, 10 mM MnCl2), to give final concentrations of 1 mM of the additives and 0.16 

mM (5 mg mL-1) of PK-1, a 6: 1 compound: protein molar ratio. The protein solution 

was mixed on ice and left for one hour before robotic crystallisation using the JCSG+ 

and PACT screens. 

Co-crystallisation experiments were also carried out with Salmon protamine sulphate. 

PK-1 (final concentration 5 mg mL-1, 0.16 mM) was mixed with protamine sulphate 

(final concentration 0.8 mg mL-1, 0.16 mM) giving a 1: 1 molar ratio, stored on ice for 

one hour, then robotic crystallisation experiments were carried out using the JCSG+ and 

PACT premier screens. Similar co-crystallisation experiments were carried out with 

protamine and either 1 mM AMP-PCP, or 1 mM Danusertib. 
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4.1.5.3 Data collection and analysis. 

Diffraction data was collected at the Australian Synchrotron facility on the micro-

crystallography MX2 beam line, using an ADSC Quantum 315r CCD detector (ref). 

Data sets with 360 1˚ oscillation images were collected. Diffraction images were 

integrated using XDS (Kabsch, 2010) to determine the unit cell dimensions and space-

group. The integrated intensities were then scaled and merged using the program 

Aimless within the CCP4 crystallography software suite (Evans, 2006). The number of 

monomers in the asymmetric unit was predicted using the Matthews coefficient 

calculator (Kantardjieff & Rupp, 2003; Matthews, 1968a).  

Molecular replacement was performed using MRage (McCoy, 2007) from the Phenix 

crystallography software suite with a model derived from an automated Blast search of 

the PDB database. The subsequent model was produced by an initial round of auto-

building with Phenix AutoBuild (Terwilliger et al., 2008), followed by iterated rounds 

of manual electron density fitting in COOT (Emsley et. al. 2010) and refinement with 

Refmac 5 (Murshudov, Vagin, & Dodson, 1997). Structural validation was performed 

using MolProbity (Chen et al., 2010).  

 

4.1.6 Size exclusion chromatography coupled multi angle laser light scattering  

Molecular weights and monodispersity of protein solutions was investigated using size 

exclusion chromatography coupled multi angle laser light scattering (SEC-MALLS). 

These experiments were kindly carried out by Dr Jeremy Keown. 

SEC-MALLS experiments were performed using an Ultimate 3000 UHPLC system 

(Dionex, Sunnyvale, CA, USA). Samples were separated in a Superdex 200 Increase 

10/300 size exclusion column (GE Healthcare). Light scattering was detected using an 

in-line Multi angle laser light scattering detector SLD7000 (PSS, Mainz, Germany) and 

the refractive index was monitored using a RI-101 Refractive Index meter (Shodex, 

Tokyo, Japan). The column and detector unit was equilibrated with filtration buffer (50 

mM Citrate pH 5.0, 200 mM NaCl and 3 mM NaN3) and the detector unit was 

calibrated with a 10 mg mL-1 standard solution of BSA. A dilution series of 100 µL 

samples of PK-1 were applied to the column at concentrations of 5, 2.5 and 1.25 mg 

mL-1, and eluted against the filtration buffer at a flow rate of 0.5 mL min-1, at 28 ˚C 

while UV and refractive index measurements were recorded. 
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4.1.7 Sequence analysis 

A multiple sequence alignment was performed on the PK-1 sequences from five alpha-

baculoviruses, five beta-baculoviruses, and four representative eukaryotic kinases. The 

kinases, species of origin, Uniprot and PDB accession codes, and substrate specificity 

are shown in table 4-4. Sequences were acquired from the Uniprot protein database 

(http://www.uniprot.org) and aligned using the MUSCLE algorithm (Edgar, 2004) 

implemented in the Geneious software suite (https://www.geneious.com/). The structure 

of PK-1 was aligned with the structures of a serine/ threonine kinase, tyrosine kinases, 

and a pseudo kinase using Pymol (The PyMOL Molecular Graphics System, Version 

1.5.0.4 Schrödinger, LLC). The PDB accession codes of the structures used are also in 

the table. 

Protein Species Uniprot accession  PDB accession Specificity 

PK-1 C. pomonella GV A0A097P1P8 N/A Ser/ (Arg?) 
PK-1 P. rapae GV D2J4H0 N/A Uncharacterised 

PK-1 H. armigera GV A9YMJ5 N/A Uncharacterised 

PK-1 S. frugiperda GV A0A0C5AUS3 N/A Uncharacterised 

PK-1 P. xylostella GV Q9JGU4 N/A Uncharacterised 

PK-1 A. californica NPV P41415 N/A Ser/Arg* 

PK-1 B. mori NPV U3RB78 N/A Uncharacterised 

PK-1 H. armigera NPV Q99H43 N/A Uncharacterised 

PK-1 S. frugiperda NPV A1YIZ4 N/A Uncharacterised 

PK-1 P. xylostella NPV Q0GYL3 N/A Uncharacterised 

PKA H. sapiens P17612 3MVJ Ser/Thr 

MAPK H. sapiens P28482 2ZOQ Ser/Thr 

CDK2 H. sapiens P24941 1HCK Ser/Thr 

CAMK2G H. sapiens Q13555 1TVO Ser/Thr 

INSR H. sapiens P06213-1 1IRK/1IR3 Tyr 

VRK3 H. sapiens Q8IV63 2JII Pseudo-kinase 

ABL-Imatanib H. sapiens P00519 2HYY Tyr 

ABL-VX 680 H. sapiens P00519 2F4J Tyr 

Table 4-4: Protein sequence information of aligned protein kinase sequences. This table lists the accession codes 

of the protein sequences used to create sequence alignements. The protein sequences of PK-1 from five alpha-

baculovirus (A. californica NPV, B. mori NPV, H. armigera NPV, S. frugiperda NPV, P. xylostella NPV) and five 

beta-baculovirus (C. pomonella GV, P. rapae GV, H. armigera GV, S. frugiperda GV, and P. xylostella GV) 

species.  Four eukaryotic protein kinase sequences have been included; cAMP dependent protein kinase C1, mitogen-

activated protein kinase 1, cyclin-dependent kinase 2 and calcium/ calmodulin-dependent protein kinase 2G. The 

PDB accesion codes of crystal structures used to create structure alignments are also included.* See Li et al. 2015. 

 

https://www.geneious.com/
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4.2 Results 

4.2.1 Cloning 

The PK-1 insert was amplified from genomic DNA and was cloned into the pDEST566 

vector for expression as a cleavable His6-tagged MBP fusion construct. Sequencing 

identified a single base-pair deletion in the insert. Restriction enzyme mediated inverse 

PCR was used to reintroduce the missing base pair, after which Sanger sequencing 

confirmed the frame shift mutation had been corrected. 

 

4.2.2 Protein expression and purification 

Wild-type PK-1 was over-expressed in Rosetta™ (DE3) E. coli cells as N-terminal His-

tagged MBP fusion proteins in LB media at 18 ˚C. Figure 4.1 shows SDS PAGE 

analysis of the purification of PK-1. 

Soluble protein of the wild-type PK-1 fusion construct was recovered by IMAC, and 

observed as a single band of 76.6 kDa (lane 8) corresponding to the molecular weight of 

MBP (44 kDa) and PK-1 (32 kDa). The fusion protein was cleaved by rTEV protease 

producing two bands at 44 kDa and 32 kDa respectively. The protein solution was run 

over IMAC resin to remove His6-tagged MBP and rTEV protease (lane 10), and the 

solution containing unbound PK-1 was collected (lane 9).  

Recovered PK-1 was concentrated in preparation for further purification. A crystalline 

precipitate formed and continued to precipitate during storage at 4 ˚C. Panel B shows an 

image of the crystalline precipitate when viewed under a stereo microscope. The 

crystals dissolved at pH 5 in citrate buffer (50 mM Citrate, 200 m NaCl, pH 5.0). PK-1 

crystals were collected by centrifugation to remove contaminating soluble proteins 

(Sup), washed a further time in SEC buffer with a 0.22 μm spin filter, and then 

dissolved in citrate buffer. The dissolved crystals were again filtered with a 0.22 μm 

spin filter, producing a pure protein sample. A single gel band with a molecular weight 

of 33 kDa was seen when the purified solution was analysed by SDS PAGE (Crys). 

Crystallisation was used instead of further chromatographic purification steps.  
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Figure 4-1: PK-1 Purification. This figure shows SDS PAGE gels of PK-1 at various stages of purification. (A) 

SDS PAGE gel showing IMAC prurification of MBP-TEV-PK-1, and subtractive IMAC of rTEV cleaved protein. L: 

Protein ladder, 1: Lysate, 2: Flowthrough 1, 3: Flowthrough 2, 4-7: Washes (0- 50 mM imidazole), 8: Elution (500 

mM imidazole), 9: Subtractive IMAC flowthough, 10: Subtractive IMAC elution (500 mM). (B)  SDS PAGE gel 

showing crystallisation purified PK-1 and micrograph of PK-1 crystals. L: Protein ladder, 1: Spin filtered crystal 

solution, 2: Crystal supernatant. 

  

4.2.3 PK-1 Activity and function 

4.2.3.1 Acetic acid urea polyacrylamide gel electrophoresis activity assay 

Attempts to purify recombinant CpGV p6.9 proved to be impractical, so salmon 

protamine was used as a substitute substrate. PK-1 activity was tested using AU-PAGE. 

Figure 4-2 shows AU-PAGE gels showing that PK-1 is active. Panel A shows the time-

course of protamine phosphorylation. Un-phosphorylated protamine migrated as a 

single band (lane 1). Distinct bands representing different phosphorylated isoforms of 

protamine appear after 3 hours, after which a second band is seen (lane 7). After 12 

hours, three distinct bands could be seen (lane 9).  

The curvature of the samples seen in the gel likely represents an artefact of 

electrophoresis, as opposed to a shift in migration of the samples and is typically caused 

by excessive heating during electrophoresis. Attempts at reproducing this experiment 

without this artefact were hindered as the acetic acid/ urea gels became excessively 

brittle when experiments were carried at lower electrophoresis currents for extended 

periods to prevent over-heating (personal observation). 

Panel B shows the effects of divalent cations, DNA and tyrosine kinase inhibitors on 

PK-1 activity after 12 hours. A single band of un-phosphorylated protamine is shown as 

a control (lane 1). When the reaction was carried out with MgCl2 or MnCl2 as the metal 

cofactor, protamine migrated as three bands (lanes 2 and 3). When the reaction was 
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carried out with ZnCl2, PK-1 activity was reduced and two poorly resolved bands were 

seen (lane 4). No activity was observed with CaCl2, shown by protamine migrating as a 

single band (lanes 5). This metal specificity was reported for kinase activity associated 

with the PvGV capsid (Wilson & Consigli, 1985a). These results show that PK-1 is 

active, and has the same divalent cation dependence as the capsid associated kinase. 

PK-1 activity was also tested in the presence of two protein kinase inhibitors identified 

from DSF experiments as destabilising PK-1: Danusertib and Nintedanib. Neither 

inhibitor showed differences in activity compared to reactions carried out with MnCl2 

(lanes 7 and 8).  

 

 
Figure 4-2: AU PAGE gels showing PK-1 activity. These gels show changes in the electrophoretic mobility, 

therefore charge state, of the protamine sulfate following incubation with PK-1 which shows the activity of the 

enzyme. (A) Time course of PK-1 activity. 1: Protamine control, 2: 1 minute, 3: 5 minutes, 4: 10 minutes, 5: 30 

minutes, 6: 1 hour, 7: 3 hours, 8: 6 hours, 9: 12 hours. (B) PK-1 activity with: 1: Protamine control, 2: 50 mM MnCl2, 

3: 50 mM MgCl2, 4: 50 mM ZnCl2, 5: 50 mM CaCl2, 6: 0.01 mg mL-1 DNA, 7: 1 mM Danusertib, 8: 1 mM 

Nintedanib. 

 

4.2.3.2 Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR-MS) 

Neither unreacted nor phosphorylated protamine could be detected using direct infusion 

MS or LC-MS. FT-ICR-MS was used to identify the degree of phosphorylation of 

salmon protamine following reaction with PK-1.  

Figure 4-3 shows deconvoluted spectra from unreacted protamine (A) and 

phosphorylated protamine (B), with the significant peaks labelled. Commercial 

preparations of protamine sulphate contain four major isoforms (Gucinski, Boyne, and 

Keire 2015). The spectrum of the unreacted sample shows masses clustered between 4.0 

and 4.4 kDa corresponding to the four major protamine isoforms, and their sulphate 
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adducts, which have a mass shift of + 97.9673 Da. Following reaction with PK-1, the 

mass peaks of the unphosphorylated isoforms disappear and are replaced by the masses 

of phosphorylated isoforms spread over 4.2 to 5.2 kDa. Several additional masses were 

detected that could be explained by the formation of adducts with ATP (+ 506.9957 Da) 

and ADP (+ 427.0294 Da). These adducts presumably form because of interactions 

between the positively charge arginine side-chains and the negatively charged 

phosphate groups present in the nucleotides.  

 
Figure 4-3: FT-ICR spectra of Salmon protamine. This figure shows deconvoluted FT-ICR mass spectra of 

salmon before and after phosphorylation with PK-1 following a 12 hour reaction. The insert shows the sample 

analysed by AU PAGE showing the phosphorylated isoforms. 

 
Table 4-5 shows the sequences of the four protamine isoforms present in the 

commercial preparation and the AcMNPV and CpGV homologs of p6.9 for 

comparison. Multiple phosphorylation states of all four protamine isoforms were 

detected. The sequences have between two and four serine residues and no other 

conventional phosphate acceptors such as threonine or tyrosine. Any excess 

phosphorylation would have to occur on a non-conventional phosphate acceptor, which 

due to the amino acid composition of protamine is likely to be an arginine residue. FT-

ICR spectra were searched for masses corresponding to protamine phosphorylated more 

times than the number of serine residues in the amino acid sequence. 
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Substrate peptide Sequence 

Protamine #1 M1PRRRRRSSSRPIRRRRRPRASRRRRRGGRRRR 

Protamine #2 M1PRRRRSSRRPVRRRRRPRVSRRRRRRGGRRRR 

Protamine #3 M1PRRRRSSSRPVRRRRRPRVSRRRRRRGGRRRR 

Protamine #4 M1PRRRRASRRIRRRRRPRVSRRRRRGGRRRR 

AcMNPV p6.9 M1VYRRRRRSSTGTTYGSTRRRRSSGYRRRPGRPRTYRRSRSRSSTGRRSYRTRYY 

CpGV p6.9 M1VRRRRSRSPNRRRSYRSRSRSRSRSRSRSRSRSRSPYRSHYHHINQYI 

Vp39 #1 Y56FRIRKSp62RFEIPS 

Vp39 #2 P244KFSLRSp250VVEFDG 

Table 4-5: Sequences of PK-1 Substrate peptides. This table shows the amino acid sequences of the four major 

isoforms of protamine present in Grade X Salmon Protamine sulphate (Sigma Aldrich). Also included are the amino 

acid sequence of AcMNPV p6.9 (Uniprot accesssion: P06545-1) and CpGV p6.9 (Uniprot accession: Q91EW9-1), 

and two of the identified Vp39 phosphopeptides for comparison. 

 

Table 4-6 shows the calculated monoisotopic masses of each protamine isoform with up 

to six added phosphates, while table 4-7 summarises the seven detected masses showing 

excess phosphorylation. The identified peaks were manually inspected and compared to 

predicted spectra of the excessively phosphorylated protamine. Four of matched masses 

showed distinct peaks in the spectrum and aligned well with the predicted spectra, with 

a mass error of less than 5 ppm. 

 Protamine #1 Protamine #2 Protamine #3 Protamine #4 

No. of serine residues 4 3 4 2 

[M+H]+1 Monoisotopic mass  4234.5917 4317.6764 4248.6073 4062.5433 

[M+H]+1 Monoisotopic mass - 1 
x phosphate 

4314.5580 4397.6427 4328.5736 4142.5096 

[M+H]+1 Monoisotopic mass - 2 
x phosphate 

4394.5243 4477.6090 
 

4408.5396 
 

4222.4759 
 

[M+H]+1 Monoisotopic mass - 3 
x phosphate 

4474.4906 4557.5753 
 

4488.5062 
 

4302.4549* 
 

[M+H]+1 Monoisotopic mass - 4 
x phosphate 

4554.4570 4637.5587* 
 

4568.4726 
 

4382.4215* 
 

[M+H]+1 Monoisotopic mass - 5 
x phosphate 

4634.4223 4717.5250* 
 

4648.4518 4462.3875 

[M+H]+1 Monoisotopic mass - 6 
x phosphate 

4714.3896 4797.4913 4728.4052 4542.3412 

Table 4-6: Calculated masses of phosphorylated protamine. This table shows the the number of serine residues in 

the protamine sequences, and the calculated molecular masses (Da) of the various phosphorylation states of the four 

protamine isoforms. Numbers in bold represent expected molecular masses from serine phosphorylation alone. 

Numbers in italics represent expected molecular masses from phosphorylation of additional residues after complete 

serine phosphorylation. Underlined numbers represent molecular masses detected following reaction with PK-1. The 

spectra of the asterisked masses are presented below. 
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Observed MW 
(Da)  

Protamine 
isoform 

Phosphorylation state Excess 
phosphates 

Calculated MW 
(Da)  

Error (PPM) 

4637.5366 2 4 1 4637.5587 4.8 
4717.5036 2 5 2 4717.5250 4.5 

4797.4659 2 6 3 4797.4913 5.3 

4648.4169 3 5 1 4648.4518 7.5 

4302.4373 4 3 1 4302.4549 4.1 

4382.4038 4 4 2 4382.4215 4.0 

4462.3675 4 5 3 4462.3875 4.5 

Table 4-7: Masses of protamine showing excess phosphorylation. This table lists the monoisotopic masses 

extracted from FT-ICR-MS experiments, details of the matched protamine species, calculated monoisotopic mass of 

the phosphorylated protamine and the mass error (PPM). 

 

Two of the identified peaks were for isoform #2: a [M+8H]8+ 581.5781 m/z ion 

matching four added phosphates and a [M+7H]7+ 674.7931 m/z ion matching five added 

phosphates, which is one and two more than the number of serine residues in the 

isoform #2 sequence respectively. The other two peaks were for isoform #4: a 

[M+7H]7+ 615.4980 m/z ion matching three added phosphates and a [M+7H]7+ 

626.9218 m/z ion matching four added phosphate groups, which is one and two more 

than the number of serine residues in the isoform #4 sequence. Figure 4-4 shows the 

predicted spectra protamine isoform #2 with one (A) and two (B) excess phosphates, 

and the observed spectra from the reacted and unreacted protamine sample. Figure 4-5 

shows the same for protamine isoform #4 with one (A) and two (B) excess phosphates.  
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Figure 4-4: FT-ICR spectra of salmon protamine isoform #2. This figure shows the predicted, and observed FT-

ICR spectra of protamine isofrom #2 showing excess phosphorylation. (A) Spectra for the [M+8H]8+ ion of isoform 

#2 with four added phosphate groups (calculated monoisotopic m/z = 581.5781). Each panel shows a m/z 580 – 583 

window of the predicted spectrum (top), phosphorylated sample observed spectrum (middle), and unphosphorylated 

sample observed spectrum (bottom). (B) Spectra for the [M+7H]7+ ion of isoform #2 with five added phosphate 

groups (calculated monoisotopic m/z = 674.7931). Each panel shows a m/z 674 – 677 window of the predicted 

spectrum (top), phosphorylated sample observed spectrum (middle), and unphosphorylated sample observed 

spectrum (bottom). All spectra have been normalised to the height of the most intense peak within the 3 m/z window 

shown. 
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Figure 4-5: FT-ICR spectra of salmon protamine isoform #4. This figure shows the predicted, and observed FT-

ICR spectra of protamine isofrom #4 showing excess phosphorylation. (A) Spectra for the [M+7H]7+ ion of isoform 

#4 with three added phosphate groups (calculated monoisotopic m/z = 615.4980). Each panel shows a m/z 615 – 618 

window of the predicted spectrum (top), phosphorylated sample observed spectrum (middle), and unphosphorylated 

sample observed spectrum (bottom). (B) Spectra for the [M+7H]7+ ion of isoform #4 with four added phosphate 

groups (calculated monoisotopic m/z = 626.9218). Each panel shows a m/z 626– 679 window of the predicted 

spectrum (top), phosphorylated sample observed spectrum (middle), and unphosphorylated sample observed 

spectrum (bottom). All spectra have been normalised to the height of the most intense peak within the 3 m/z window 

shown. 

 

4.2.3.3 DNA polyacrylamide gel electrophoresis assays 

No shift was seen in the migration of the plasmid DNA probe on addition of PK-1, as 

would be expected from the formation of a protein: DNA complex, however EtBr 

fluorescence decreased with increasing protein concentration. Figure 4-6 shows the 

EtBr stained gel.  
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Figure 4-6: EtBr displacement assay. This gel shows an interaction between dsDNA and PK-1 through the change 

in EtBr fluoresence of DNA following mixing with PK-1. In all sample lanes, 1 µg of purified plasmid DNA was 

loaded into the gel. 1: DNA only control, 2: 2 µg PK-1, 3: 1 µg PK-1, 4: 0.5 µg PK-1, 5: 0.25 µg PK-1, 6: 0.125 µg 

PK-1. 

 

The DNA only control shows EtBr fluorescence from 1000 ng of DNA (lane 1). When 

mixed with PK-1 at a 2: 1 protein: DNA mass ratio, all fluorescence was lost (lane 2). 

At a 1: 1 ratio, partial fluorescence was seen (lane 3), and increased as the concentration 

of PK-1 decreased (lanes 4, 5). Full fluorescence returned at a 0.125:1 ratio,  (lane 6). 

This result suggests that PK-1 binds to dsDNA. The interaction between PK-1 and 

DNA could reduce EtBr fluorescence by either the formation of protein: DNA 

aggregates that are unable to enter the gel, or by quenching EtBr fluorescence. As no 

fluorescence was observed in either the wells of lanes 2 and 3, fluorescence quenching 

appears to be a more likely explanation. This could be tested by using a radioactive 

probe, which could not be displaced by DNA binding. 

 

4.2.4 Differential scanning fluorimetry 

Differential scanning fluorimetry (DSF) experiments were carried out to identify 

ligands that interact with PK-1, in an attempt to stabilise the P-loop in a fixed 

conformation for crystallisation experiments (Vedadi et al., 2006). The melting 

temperature of PK-1 was determined in the presence of eight broad-specificity tyrosine 

kinase inhibitors. 

Figure 4-7 shows the melting curves derived from DSF experiments. In four of the 

experiments, high background fluorescence prevented detection of a thermal 

denaturation curve and are not included in the results. This is presumably because of 
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hydrophobic interactions between the inhibitors and the dye, Sypro Orange, used in the 

assay. The remaining four experiments showed clear signal and a Tm could be 

determined. The four inhibitors used in these experiments were BGJ-398, AZD-4547, 

Nintedanib and Danusertib.  

 
Figure 4-7: Thermal shift assay. This figure shows the temperature at which the PK-1 experience the greatest rate 

of protein unfolding. All four of the tyrosine kinase inhibitors appeared to interact with PK-1. 

 

All four of these inhibitors induced destabilisation of PK-1. AZD-4547 was the most 

destabilising of the inhibitors tested and reduced the Tm by 5 ˚C, while BGJ-398 had the 

smallest effect, and reduced the Tm by only 1 ˚C, compared to the PK-1 only control. 

Ligand binding is typically associated with increases in the Tm of a protein, however the 

reduction seen in these experiments still provide evidence of interaction between the 

inhibitors and PK-1. A reduction in Tm may occur if the protein exists in an equilibrium 

between folded and partially unfolded states and the ligand binds preferentially to the 

partially unfolded protein (Cimmperman et al., 2008). AZD-4547, Nintedanib and 

Danusertib were used for co-crystallisation experiments.  

 

4.2.5 X-ray crystallography 

4.2.5.1 Crystallisation 

Spontaneously nucleating PK-1 crystals were too small for diffraction testing. Sparse 

matrix screening produced crystals in a number of conditions, four of which were fine-

screened. Table 4-8 lists the well solutions of the crystal hits. Initial fine screens were 

conducted in 96 well sitting drop trays, and later in 24 well hanging drop. Crystals 
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produced from the following fine screens of the apo-protein did not diffract beyond ≈ 6 

Å so chemical additives were added to the protein solution in an attempt to improve 

diffraction, as described below. 

Well solution Fine screen 

200 mM NH4 Cl, 20 % W/V PEG 3350 NH4 Cl:              100 mM – 400 mM 
PEG 3350:         10% - 30 % W/V 

200 mM NaI, 20 % W/V PEG 3350 NaI:                    100 mM – 400 mM 
PEG 3350:         10% - 30 % W/V 

200 mM KSCN, 20 % W/V PEG 3350 KSCN:               100 mM – 400 mM 
PEG 3350:         10% - 30 % W/V 

100 mM Tris pH 8.5, 8% W/V PEG 8000 pH:                     7.5 – 9.0 
PEG 8000:         4% - 16% W/V 

Table 4-8:PK-1 broad screening hit conditions and fine screening. This table lists the well solutions of hit 

conditions form initial broad screening, and the conditions altered to create fine screens from the initial hits. 

 

4.2.5.1 Co-crystallisation experiments 

Crystals grown in 16.5% (W/V) PEG 3350 and 300 mM NH4 Cl with the addition of 10 

mM MnCl2 and 1 mM AMP were used to produce a data set to 1.88 Å resolution, 

collected on the MX2 beam-line at the Australian Synchrotron. Figure 4-8 shows a 

photograph of PK-1 crystals grown in these conditions. 

 

 

 

Figure 4-8: PK-1 crystals. This image shows PK-1 crystals grown in 16.5% (W/V) PEG 3350, 300 mM NH4 Cl, 10 

mM MnCl2 and 1 mM AMP, by sitting drop vapor diffusion. 
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The addition of 1 mM of the inhibitor Nintedanib, and non-hydrolysable analogues 

AMP-PCP and AMP-PNP largely prevented protein crystallisation, however, in the four 

co-crystallisation experiments with the kinase inhibitors or ATP analogues, crystals 

were produced in condition F6 of the JCSG+ crystallisation screen (100 mM Bicine pH 

9.0, 10% MPD). Figure 4-9 shows crystals produced by co-crystallisation with the two 

ATP analogues, and the two protein kinase inhibitors, which all have different shapes. 

PK-1 co-crystallisation in these conditions could not be improved by hanging drop fine-

screening experiments. The addition of salmon protamine at 0.76 µM completely 

prevented crystallisation in all of the tested conditions. PK-1 crystals grew in one third 

of the 192 conditions in the PACT premier and JCSG+ screens with the addition of 1 

mM Danusertib. Crystals grown with Danusertib diffracted poorly, with a resolution of 

< 4 Å, and could not be improved by fine-screening. No data set was not collected 

because of poor diffraction,  

 

 
Figure 4-9: Ligand co-crystallisation. This image shows PK-1 crystals grown in 100 mM Bicine pH 9.0, 10% 

MPD, grown by sitting drop vapor diffusion with the addition of non-hydrolysable ATP analogues and protein kinase 

inhibitors. (A) AMP-PCP. (B) AMP-PNP. (C) Nintedanib. (D) Danusertib.  

 

  



4.2 Results  Chapter 4: Characterisation of CpGV PK-1  

 117 

4.2.5.2 Data collection and analysis 

The best crystals diffracted to 1.88 Å at the MX2 beam line at the Australian 

Synchrotron. Some diffraction patterns showed evidence of non-merohedral twinning 

(Yeates & Fam, 1999), with two overlapping lattices (Figure 4-10). Automated data 

processing failed, probably because of this twinning. Images were manually inspected 

and images showing only the stronger lattice were indexed using XDS (Kabsch, 2010), 

and used to integrate the data.  

 
Figure 4-10: PK-1 Diffraction image 1˚ oscillation. This figure shows a representative diffreaction image of PK-1 

crystals showing non-merohedral twinning. Lunes from a second crystal lattice can be seen in the right hand side of 

this image. 

 

Systematic absences along the reciprocal lattice basis vectors were used to establish the 

P 21 2121 crystallographic space-group. The data had Rmerge and Rmeas values of 0.898 and 
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0.968 in the highest resolution bin respectively. The Rmerge value in the lowest intensity 

bin was 0.058. The correlation co-efficient between random data half-sets, or CC1/2, has 

been adopted as a measure of data quality used to determine resolution (Karplus & 

Diederichs, 2012). A CC1/2 cut-off criterion of 0.3 in the highest resolution shell was 

used and the data set was truncated to 2.22 Å. At this cut-off, the data had an I/σI value 

of 3.3 in the highest resolution bin. The Matthews coefficient was 2.19, corresponding 

to a solvent content of 44% with two monomers in the asymmetric unit (Matthews, 

1968b). 

Automated molecular replacement in MRage (McCoy, 2007) identified Human 

Ca2+/Calmodulin-dependent protein kinase II gamma (CaMK2G, PDB accession: 

2V7O) as the most suitable replacement model with a translation function (TFZ) score 

of 8.6, from which the crystal structure was solved. An atomic model with an RWork 

value of 0.2 and RFree value of 0.258 was produced by iterated rounds of electron 

density fitting and refinement in Coot and Refmac5. Only two residues were in the 

outlier region of the Ramachandran plot: Asp164 on chain A and Pro57 on chain B. 

Additional data collection and refinement statistics are shown in table 4-9.  
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Native PK-1 

Data collection  

Space group P 21 2121 

Unit cell dimensions  

    a, b, c  (Å) 41.9, 115.4, 119.4 

    α, β, γ (˚) 90, 90, 90 

X-ray source MX2 beam line - Australian Synchrotron 

Wavelength (Å) 0.95369 

Resolution (Å) 41.93  - 2.22 (2.29  - 2.22) 

Reflections (total/unique) 401,572/ 29,533 

Multiplicity 13.6 (11) 

Completeness (%) 100 (99.5) 

Average I/σ(I) 11.9 (3.3) 

RMerge 0.241 (0.898) 

RMeasure 0.259 (0.968) 

CC1/2  0.3 

Refinement 
 

RWork 0.200 

RFree 0.258 

Number of atoms 4348 

Number of residues 724 

RMS bond length (Å) 0.016 

RMS bond angle (˚) 0.96 

Ramachandran favoured (%) 98 

Ramachandran outliers (%) 0.6 

Average B-factor 30.349 

Table 4-9: Data collection and refinement statistics from PK-1. 
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4.2.5.3 Crystal structure of CpGV PK-1 

The asymmetric unit contains a tightly packed dimer. Each PK-1 monomer has the bi-

lobed structure of the protein kinase fold. The monomer was superimposed with the 

archetypal serine/threonine kinase PKA (PDB accession: 3MVJ) using Pymol. 

Following five cycles of outlier rejection, 158 residues of the ≈ 240 residues that make 

up the catalytic domain aligned with an overall RMSD of 1.55 Å between 

corresponding Cα atoms. Figure 4-11 shows an overview of the protein kinase catalytic 

domain fold. Panel A shows a side-by-side comparison of PKA (left) and the PK-1 

monomer (left) and panel B shows a topology map of the secondary structure, both 

labelled using the PKA convention (Zheng et al., 1993). 

 
Figure 4-11: Structure of PKA and the PK-1 monomer. This figure shows structure of the protein kinase catalytic 

domain. (A) Crystal structures of PKA and PK-1. (B) Topology diagrams showing the arrangement of secondary 

structure of the catalytic domain. * The αB and αD helices were disordered in the PK-1 structure and were left 

unmodelled. These helices have been left grey in the topology diagram, and the remaining helices are still labelled 

according to the PKA structure. In PK-1 the αG helix appears as two broken helices that have been labelled as G1 and 

G2. The β6 and β6 strands are not visible from this view.Topology diagrams were produced using the Pro-origami 

server (Stivala, Wybrow, Wirth, Whisstock, & Stuckey, 2011). 
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The N-terminal lobe of PK-1 is composed of α-helices A and C, and β-strands 1- 5 

forming a β-sheet. The C-terminal is composed of α-helices E-I, and β-strands 6-9, with 

α-helices E, F, H and I forming a four helix bundle. Electron density for helices B and 

D was weak and these were left unbuilt. The active site located in a cleft between the N-

lobe five strand β-sheet and a two-strand β-sheet in the C-terminal lobe. Although AMP 

and Mg2+ were added to the protein solution producing crystals diffracting to the highest 

resolution, electron density for either the nucleotide or metal was not seen. The protein 

kinase active site is described in more detail in the discussion section. 

Figure 4-12 shows two orientations of the crystallographic dimer. Panel A shows the 

front view.  The dimeric interface is made up of four regions composed of: (1) domain 

swapped N-terminal αA helices, (2) an extended β-sheet, (3) a hydrophobic core 

between the β-sheet and αC helices, and (4) a hydrophobic pocket and hydrogen 

bonding in across the activation segments of each monomer. The two active sites of the 

dimer point in opposite directions, and their locations within the dimer are shown by the 

black arrow (facing forwards) and grey arrow (facing behind the page). A functionally 

important region in typical protein kinases structures, called the activation segment, is 

shown in yellow and will be described later. 

The N-terminal domains of the two monomers are closely associated to form the 

dimeric interface, and are outlined in the green oval. The C-terminal lobes are shown 

separately in the blue circles. Panel B shows the underside of the dimer where the 

activation segment dimeric interface is shown by the red circle.  
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Figure 4-12: Quaternary structure of CpGV PK-1. This figure shows the front view of the PK-1 dimer (A), and 

the bottom view (B). The N-terminal lobes form a switched domain dimer with the exchange of the N-terminal helix, 

shown in the green oval. The C-terminal domains are shown in the blue circles. The functionally important activation 

segment (residues 164 - 181) is shown in yellow. A dimeric interface shown formed by the activation segment is 

shown in the red circle. 
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Figure 4-13: Electron density map of the N-terminal lobe dimeric interface. This figures shows an electron 

density map of three regions that make up the N-terminal lobe dimeric interface: the domain swapped  helices, 

extended β-sheet and a phenylalanine rich hydrophobic core. Image has been cropped for clarity. 

 

Figure 4-13 shows a 2Fo-Fc electron density map of the residues involved in the N-

terminal lobe dimeric interfaces, contoured to 1 σ. This interface is formed by the 

domain switching of the αA-helices, extension of the N-terminal lobe β-sheet across the 

dimer, and a hydrophobic core composed of eight phenylalanine residues. Backbone 

density of the α-helix A is observable from residues 6 to 17. The extended β-sheet is 

mediated through β-strand 4, which has the amino-acid sequence H77NFVFN82. Two 

phenylalanine residues from this strand, Phe79 and Phe81, contribute to a hydrophobic 

core between the two monomers. The other residues, Phe56 and Phe61, are located on 

αC-helix. The crystallographic dimer has an extensive interface with a buried surface 

area of 1500.9 Å2, calculated using the PDB ePISA server.  
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4.2.6 Size exclusion chromatography coupled multi angle laser light scattering 

While protein kinases exist as monomers in the active state or as transient dimers, the 

PK-1 asymmetric unit showed a tightly packed dimer. To confirm that PK-1 was 

dimeric in solution, SEC MALLS experiments were carried out. Figure 4-14 shows the 

UV trace and refractive index measurements of PK-1. The SEC MALLS UV trace 

shows a single, highly symmetrical peak over the concentrations measured. A mass 

average molecular weight of 66.6 kDa was determined from the highest concentration 

sample. The calculated molecular mass of a dimer is 65.6 kDa, showing that PK-1 is a 

dimer in solution at the tested protein concentrations. While PK-1 is unlikely to be 

present in these concentrations in the cell, this evidence combined with the extensive 

dimeric interface seen in the crystal structure support the theory that CpGV exists as a 

constitutive dimer. 

 
Figure 4-14: SEC MALLS UV and refractive index trace of PK-1. This figure shows the UV traces and refractive 

index measurements of PK-1 in solution. The UV traces shows PK-1 eluted as a single, monodisperse peak over the 

range of concentrations tested. The refractive index measurements show that PK-1 is a dimer over the range of 

concentrations tested. 

 

4.2.7 Sequence analysis 

Figure 4-15 shows a multiple sequence alignment of selected homologs of baculovirus 

PK-1 and eukaryotic protein kinases. The CpGV PK-1 sequence shared 26.04% identity 

with the serine/threonine kinase PKA and 21.37% identity with the insulin receptor 

tyrosine kinase catalytic domain. CpGV PK-1 and AcMNPV PK-1 shared 34.1% 

identity.  
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All of the functionally important active site residues were present in the baculovirus 

sequences with the notable exception of glycine residues within the P-loop of GV PK-1 

homologs. The glycine-rich P-loop motif is highly conserved among protein kinases 

and has a consensus sequence of Gly50-X51-Gly52-X53-Phe/Tyr54-Gly55 (numbered with 

respect to the PKA naming convention). The functional importance of the P-loop 

sequence is described in the discussion. 

 
Figure 4-15: Sequence alignment of protein kinases. The aligned protein sequences of PK-1 from five alpha-

baculovirus (A. californica NPV, B. mori NPV, H. armigera NPV, S. frugiperda NPV, P. xylostella NPV) and five 

beta-baculovirus (C. pomonella GV, P. rapae GV, H. armigera GV, S. frugiperda GV, and P. xylostella GV) 

species.  Four eukaryotic protein kinase sequences have been included; cAMP dependent protein kinase C1, mitogen-

activated protein kinase 1, cyclin-dependent kinase 2 and calcium/ calmodulin-dependent protein kinase 2G. 

Conserved residues are highlighted in dark gray, while similar residues are highlighted in light gray. Residues not 

modelled in the PK-1 crystal structure are shown by grey text. The phosphate anchoring p-loop is enclosed within the 

black box, and the three surface exposed clusters of charged residues shown in figure 4.21 are enclosed within the 

red, green and blue boxes. 



4.3 Discussion  Chapter 4: Characterisation of CpGV PK-1  

 126 

 

 
 

 

Figure 4-16: Baculovirus PK-1 P-loop sequence logo diagrams. This figure shows the amino acid sequence of the 

PKA P-loop (top) for reference, the amino acid distribution of the NPV PK-1 P-loop (middle), and the amino acid 

distribution of the GV PK-1 P-loop (bottom). The conservation of the three P-loop glycine residues across eukaryotic 

protein kinases (Hemmer, McGlone, Tsigelny, & Taylor, 1997) is shown above the PKA sequence. 

 

Figure 4-16 shows the PKA P-loop sequence, along with sequence logos of the NPV 

PK-1, and GV PK-1 P-loop to visualise differences in amino acid distribution. The 

degree of conservation of the P-loop glycine residues among eukaryotic protein kinases 

is shown above the residues. The sequence logos were produced from the protein 

sequences of all NPV (38 unique sequences) and all GV (18 unique sequences) PK-1 

homologs in the NCBI protein database (http://www.uniprot.org/, accessed September 

2017). The NPV PK-1 P-loop has two of the three conserved glycine residues, Gly52 

and Gly55. In contrast, all three glycine residues were missing in the GV PK-1 

sequences. The GV P-loops had a conserved aromatic residue, Tyr54, and a 

serine/threonine residue, Ser/Thr53. In addition, the GV sequences predominantly had 

an acidic residue in the positions equivalent to residues 50, 51, and 55 of the PKA 

sequence.  

 

4.3 Discussion  
Protein kinases catalyse the transfer of the terminal phosphate group from ATP to 

nucleophilic side-chains of substrate proteins, a post-translational modification that 

often regulates signalling cascades (Jin & Pawson, 2012). Aberrant kinase activity is 

associated with a number of diseases, particularly cancer (Brognard & Hunter, 2011), 
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making the protein kinase family a common target for drug development. Because of 

this, protein kinases have been extensively structurally characterised and over 7000 

crystal structures (http://www.rcsb.org/pdb/, accessed June 2017), including 185 unique 

human protein kinases (http://www.thesgc.org/science/protein-kinases, 2012) have been 

determined.  

Protein kinases are also components of infectious viral particles (Hui, 2002; Silberstein 

& August, 1976; Wilson & Consigli, 1985a), and are expressed during the viral 

lifecycle. Generally, viral tyrosine kinases are encoded by retroviruses, and are 

homologous to those of the host species (Hunter, Gould, & Cooper, 1984), while 

serine/threonine kinases are unique to large dsDNA viruses, and show less structural 

similarity to host enzymes (Jacob, Broeke, & Favoreel, 2011). The crystal structure and 

sequence analysis revealed that CpGV PK-1 shows a number of unique structural 

features within the protein kinase family.  

This section will describe the protein kinase catalytic domain structure and mechanisms 

of regulation, evaluate the role of arginine phosphorylation in biology and discuss the 

function of PK-1 in the baculovirus life cycle. The structure of CpGV PK-1 suggests 

several avenues for further research, discussed at the end of the chapter. 

 

4.3.1 Protein kinase structure and function 

The overall architecture of the protein kinase catalytic domain was outlined in the 

results section. This section will give a more detailed description, including the role of 

catalytically important residues. Amino acids and secondary structure are labelled 

according to the PKA convention (Knighton et al., 1991), unless otherwise stated. As 

previously, mentioned, catalytic domain contains an N-terminal and a C-terminal lobe. 

The N-terminal lobe contains five β-strands (1- 5) that form a β-sheet, and typically 3 α-

helices (A-C). The C-terminal lobe contains four conserved α-helices (D, F, G and H) 

that form a four-helix bundle, and two additional two-strand β-sheets (between 6-9 and 

7-8). Several additional non-conserved or repositioned α-helices (E and I in PKA) are 

seen in protein kinase structures.  

Protein kinases require a divalent metal co-factor (typically Mg2+ or Mn2+) for activity. 

ATP and the metal cofactors bind in an active site located in the cleft formed between 
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the two lobes. Phosphate transfer is catalysed by a metal ion catalysis mechanism, 

where the phosphate ester is made more susceptible to nucleophilic substitution as the 

divalent metal cation attracts electron density and polarises the ester bond (Adams, 

2001). The binding interactions between ATP, Mg2+ and active site residues have been 

revealed by co-crystallisation of kinases such as PKA with ATP (Zheng et al., 1993). 

Two metal binding sites have been identified; a high occupancy metal site required for 

activity, and a low occupancy site that has a variable effect on catalysis (Adams, 2001). 

The purine base of ATP binds within the active site cleft through hydrophobic 

interactions with Val57 located on β-strand 2. ATP’s three phosphate groups are 

stabilised by a network of electrostatic interactions between the negatively charged 

phosphate groups, associated metal cations, and charged side-chains within the active 

site. The two divalent metals coordinate with Asp184 of the D184FG motif. One of the 

metal ions coordinates with an oxygen atom from the α-, β- and γ-phosphates. The 

second metal cation coordinates with only the γ-phosphate. Lys72, located on β-strand 3, 

bonds with both the α- and β-phosphates. Lys168 located on the catalytic loop bonds 

with the γ-phosphate. Bound ATP is shielded from solvent and the terminal phosphate 

directed towards the substrate by closure of the P-loop. The substrate nucleophile is in 

turn positioned towards the terminal phosphate through a hydrogen bond formed with a 

conserved aspartate, Asp166, of the HRD motif (Zheng et al., 1993). Mutation of Asp166 

to alanine causes a 2-3 fold loss of catalytic efficiency in PKA (Gibbs & Zoller, 1991). 

The P-loop is located between β-strands 1 and 2, and as previously mentioned has a 

Gly50-X51-Gly52-X53-Phe/Tyr54-Gly55 consensus motif. These three glycine residues are 

present in 95%, 99%, and 85% of kinase sequences respectively (Hemmer, McGlone, 

Tsigelny, & Taylor, 1997). The P-loop adopts an antiparallel β-sheet conformation on 

closing, and forms hydrogen bonds with the β-phosphate of ATP through the backbone 

amide of residue Gly55, and the γ-phosphate through the backbone carbonyl oxygen of 

Ser53 (Zheng et al., 1993). A network of internal hydrogen bonds between the conserved 

glycine residues stabilise the β-turn of the P-loop.  
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4.3.2 The PK-1 active site  

Figure 4-17 shows the active site of PK-1 aligned with several representative kinase 

structures. Panel A shows PK-1 superimposed with the serine/threonine kinase PKA 

(PDB accession: 3MVJ). Panel B shows PK-1 superimposed with the Insulin receptor 

tyrosine kinase catalytic domain (PDB accession: 1IR3). The PK-1 active site was also 

superimposed with the inactive pseudo-kinase Vaccinia related kinase 3 (VRK3) (PDB 

accession: 2JII), shown in panel C. VRK3 was included for comparison as it also lacks 

the P-loop glycine residues, and the crystal structure shows a distorted active site 

(Scheeff, Eswaran, Bunkoczi, Knapp, & Manning, 2009). This provides an extreme 

example of structural changes to the active site that have accompanied loss of enzyme 

activity in pseudo-kinases, potentially related to the loss of the P-loop glycine residues.  

Panel D shows a schematic diagram of the interactions between active site residues with 

ATP and the two divalent metal co-factors.  

The superimposed structures show that the PK-1 has retained the typical protein kinase 

active site structure in spite of the loss of the P-loop glycine residues, in contrast to the 

pseudo-kinase VRK3. The active site is nearly identical to that of PKA, a 

serine/threonine kinase, and similar to insulin receptor kinase, a tyrosine kinase. Table 

4-10 summarises the important active site residues of PKA, the insulin receptor 

catalytic domain, and PK-1. The conservation of these residues suggests they are 

important for enzymatic activity and has been investigated for a number of protein 

kinases. 
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Figure 4-17: PK-1 active site. This figure shows comparisons of the PK-1 active site to: (A) typical serine/threonine 

kinase PKA, (B) a typical tyrosine kinase, the insulin receptor tyrosine kinase, and (C) an inactive pseudo kinase, 

vaccina related kinase 3. PK-1 is shown in cyan, with sidechains shown in blue, while the comparison structure is 

shown in green with sidechains shown in yellow.The pseudo kinase structure has been included as it represents a 

structure in which the absence of the P-loop glycine rich motif is accompanied by a degraded active site and loss of 

kinase activity. (D) Schematic of active site interactions of protein kinases. PK-1 residues are shown in brackets. 
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PKA INSR PK-1 Role 

Gly50 Gly1030 Asp27 Stabilises P-loop turn to shield ATP 

Gly52 Gly1032 Glu29 Stabilises P-loop turn to shield ATP 

Gly55 Gly1035 Ser32 Stabilises phosphate β-PO4 

Val57 Val1037 Val34 Hydrophobic surface of nucleotide binding pocket 

Lys72 Lys1057 Lys49 Co-ordinates with α, β-PO4 

Glu91 Glu1074 Glu60 Stabilises Lys72 

Asp166 Asp1159 Asp141 Putative catalytic base 

Lys168 Ala1161 Lys143 Co-ordinates with γ-PO4 

Asn171 Asn1164 Asn146 Co-ordinates with Mg2+
2 

Asp184 Asp1177 Asp160 Co-ordinates with Mg2+
1 and Mg2+

2 

Phe185 Phe1178 Tyr161 Activation segment hydrophobic block 

Glu208 Glu1206 Glu183 Forms salt bridge with Arg280 stabilising α-helix H 

Asp220 Asp1218 Asp195 Stabilises loop containing Asp166 

Arg280 Arg1280 Arg264 Forms salt bridge with Glu208 stabilising α-helix H 

Table 4-10: Conserved residues of the protein kinase active site. Table adapted from Taylor and Radzio-

Andzelm, 1994. Selected residues shown in figure 4.7 which compares the active sites of PK-1 with PKA, INSR and 

VRK3. 

 

In PKA, mutations of Gly50 and Gly52 to serine reduced affinity towards ATP, showing 

an 8-fold and 12-fold increase in Km (ATP) respectively, while mutation to Gly55 caused 

only a 2-fold increase. Mutations to Gly50 and Gly55 showed moderate reductions in 

catalytic efficiency, with the kcat (s-1) reduced by 2-fold and 3-fold respectively. 

Mutation of Gly52 caused a 20-fold loss in activity (Grant, Hemmer, Tsigelny, Adams, 

& Taylor, 1998; Hemmer et al., 1997). Similar studies were carried out on a retroviral 

tyrosine protein kinase: v-FPS. Mutation of Gly50 and Gly52 to alanine completely 

abolished kinase activity. The mutations of Gly50 and Gly55 to serine showed a 6 and 9 

fold reductions in kcat (s-1), and mutation of Gly52 caused a 130-fold loss in activity 

(Hirai, Tsigelny, & Adams, 2000). While these studies did not investigate the combined 

effect of the mutation of all three glycine residues, the results suggest that CpGV PK-1 

should have significantly reduced if not completely abolished catalytic activity.  

PK-1 activity was confirmed by an AU-PAGE assay, which showed the generic 

substrate resolving into several distinct bands representing different charged species 

following reaction by PK-1. However, even at an enzyme to substrate molar ratio of 

1:35, the reaction required several hours to produce quantities of phosphorylated 

protamine detectable by Coomassie blue staining. While slow, this makes GV PK-1 a 
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novel protein kinase in that it is active, with a known biological function despite lacking 

all three conserved P-loop glycine residues. 

Unfortunately, the P-loop was disordered in the refined structure. Several protein kinase 

inhibitors were tested to determine if they interacted with PK-1. Two inhibitors were 

selected for co-crystallisation experiments in addition to non-hydrolysable ATP 

analogues AMP-PNP and AMP-PCP, and the substrate analogue salmon protamine. 

Protein crystals grown from these experiments diffracted, but with insufficient 

resolution, and the conformation of the closed P-loop could not be determined. 

 

4.3.3 Conformational flexibility, regulation and oligomerisation 

The fact that PK-1 was shown to be active despite the absence of the P-loop glycine 

residues raises the question of whether PK-1 has any structural adaptations to 

compensate for their loss. Several features within the dimer interface stabilise flexible 

regions typically associated with protein kinase regulation and activity. 

In solution, protein kinases are flexible about the hinge region between the N and C-

terminal lobes, and an additional region called the activation segment (Li et al., 2002; 

Taylor et al., 2004). The activation segment is a 20-35 amino acid sequence spanning 

two conserved tripeptide motifs: D184FG and APE208 in the C-terminal lobe. This 

segment contains several regions involved in catalysis and substrate binding including 

the magnesium-binding loop, and the P+1 loop, which interacts with the substrate 

through the amino-acid immediately C-terminal to the phosphorylated side-chain 

(Nolen, Taylor, & Ghosh, 2004).  

Distinct active and inactive conformations of the activation segment have been 

identified from structures of kinases trapped in each state by co-crystallisation with 

enzyme inhibitors (Treiber & Shah, 2013). These structures have revealed that active 

protein kinases typically show a number of conserved structural features, particularly, 

the arrangement of a number of non-continuous hydrophobic residues into linear 

‘spines’: the regulatory spine and the catalytic spine (Taylor & Kornev, 2011). 

The regulatory spine is composed of the linear alignment of residues L106 and L95 from 

the N-terminal lobe with residues F185 and Y164 from the C-terminal lobe (in PKA). The 

positioning of F185 of the DFG motif within this regulatory spine defines the DFG motif 
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in the ‘in’, active conformation. In the ‘out’ conformation, F185 is rotated out of this 

linear arrangement, with the Cα carbon of F185 undergoing a 6.2 Å shift between the two 

conformations. In the DFG ‘out’ conformation, the aromatic ring of F185 occupies the 

tri-phosphate binding site preventing nucleotide binding (Treiber & Shah, 2013). The 

minor conformational transition between the ‘in’ and ‘out’ conformations of the DFG 

motif is driven by the much larger conformational transition of the activation segment 

which adopts either an ‘open’, active state or a ‘closed’, inactive state. 

Figure 4-18 shows crystal structures of the ABL kinase crystallised in the two 

conformations, as well as the structure of the CpGV PK-1. In the PK-1 structure, the 

activation segment most closely resembles the canonical active conformation. Panel A 

shows ABL kinase crystallised in the inactive conformation induced by co-

crystallisation with Imatanib (PDB accession: 2HYY), a ‘type II’ kinase inhibitor which 

binds across both the ATP binding site and an additional allosteric site (Nagar et al., 

2002). Panel B shows ABL kinase crystallised in the active conformation induced by 

co-crystallisation with the inhibitor VX-680 (PDB accession: 2F4J), a ‘type I’ kinase 

inhibitor, which only binds in the ATP binding hydrophobic cleft (Young et al., 2006). 

Panel C shows the structure of the PK-1 monomer. 
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Figure 4-18: Open and closed conformations of the activation segment. This figure shows the crystal structures 

of ABL kinase and PK-1 at 0˚ (top) and 90 ˚ orientations (bottom). The activation segment is shown in yellow. (A) 

ABL kinase domain co-crystallised with Imatinib (PDB accession: 2HYY). The activation segment (residues 381 - 

401) is in the closed, inactive conformation. (B) ABL kinase domain co-crystallised with VX-680 (PDB accession: 

2F4J). The activation segment (residues 381 - 401) is in the open, active conformation. (C) CpGV PK-1 monomer. 

The activation segment (residues 164 - 181) is in the open, active conformation. 

 

Protein kinase activity is often regulated through phosphorylation of amino acids along 

the activation segment (Lavoie, Li, Thevakumaran, Therrien, & Sicheri, 2014; Pelech, 

2006). Negatively charged phosphates form ionic interactions with positively charged 

pockets on the surface of the catalytic domain, stabilising the segment in the active 

conformation (Hubbard, 1997). In the PK-1 structure, the activation segment is 

stabilised in the active conformation through dimerisation. 

Figure 4-19 shows the residues involved in the activation segment dimeric interface, 

which is formed from both hydrogen bonding between the activation segment of one 

monomer with the C-terminal lobe of the other, and a hydrophobic pocket formed in the 

centre of the interface. Backbone carbonyls of residues Val167 and Gly168 in the 

activation segment hydrogen bond with the side-chain nitrogen of Asn140 located at the 

C-terminal of the αE helix, with the carbonyl oxygen at a distance of 2.9 Å and 3.8 Å 
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respectively from the side-chain nitrogen. Residues Ile166 and Val167 from the activation 

segment of each monomer form a hydrophobic pocket in the centre of the interface, 

further stabilising the structure. This interface has not been previously reported in 

regulating protein kinase activity. 

 

 
Figure 4-19: Activation segment dimeric interface. This figure shows how the presence of a novel dimeric 

interface stabilises the activation segment in the active conformation. This interface includes both hyrdophobic 

packing of residues Ile166 and Val167 into the centre of the two monomers. This is further stabilised by hydrogen 

bonds formed between carbonyl carbon atoms of residues Val167 and Gly168 in the activation segment of one 

monomer and Asn136 of the C-terminal lobe of the other monomer. The activation segment is shown in yellow. 

 

Transient dimerisation of the catalytic domain has been reported to regulate kinase 

activity through a different mechanism, involving the αC helix (Endicott, Noble, & 

Johnson, 2012; Lavoie et al., 2014; Pelech, 2006). Lavoie et al (2014) proposed a 

mechanism of allosteric regulation based on pairs of structures of active and inactive 

oligomers of protein kinases from the Raf family (BRAF1/BRAF2 dimer and 

KSR1/KSRF2 dimer), eIF2alpha family (PKR1/PKR1 dimer and GCN2/GCN2 dimer) 

and IRE1 family (IRE1 dimer and IREI monomer). 

While the dimers seen in the crystal structures were arranged in different orientations, 

the paired structures share a common displacement of the αC helix between the active 

and inactive crystal structures. Correct positioning of the αC helix is required for 
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catalytic activity as it contains residue Glu91 that forms a salt bridge with residue Lys72 

in the active site (Figure 4-17). The anchored Lys72 in turn stabilises the α and β 

phosphate of ATP. In the PK-1 structure, the αC helix from one monomer sits adjacent 

to the αC helix of the other and is locked in the active conformation by surrounding 

regions of the dimeric interface shown in figures 4-12, 4-13 and 4-19.  

The rigid conformation imposed by the dimeric interface may have other effects on 

catalysis. The results of molecular dynamics simulations based on the PKA crystal 

structure show that ADP release is associated with a rocking motion of the N-terminal 

lobe (Lu, Wong, & McCammon, 2005). At least two conformational changes have been 

inferred from kinetic analyses as being rate-limiting in the PKA catalytic cycle, 

involving substrate binding and ADP release (Shaffer & Adams, 1999; Zhou & Adams, 

1997). Detailed kinetic analysis would be required to determine the whether similar 

conformational changes are observed in PK-1, or if the dimeric interfaces restricts this 

range of motion.  

 

4.3.4 Substrate and DNA binding 

Protein kinases recognise linear segments of peptides through complementary 

interactions between the substrate binding cleft and side-chains adjacent to the substrate 

residue. Substrate peptides typically interact with enzymes with weak to moderate 

affinity and dissociation constants in the range of 0.5 – 10 µM (Neduva & Russell, 

2005). Because of this, peptides are often not incorporated into a protein crystal during 

co-crystallisation experiments (Gógl, Törő, & Reményi, 2013). With PK-1, the addition 

of protamine completely inhibited crystallisation and redissolved crystals in soaking 

experiments.  

This shows that substrate binding interferes with crystal packing and out-competes 

crystallisation. The apparent high-affinity of protamine binding could be caused by 

highly charged nature of the substrate. AcMNPV p6.9, CpGV p6.9, and protamine are 

composed of 40%, 38.8%, and 63.3% arginine residues respectively. The two Vp39 

peptides phosphorylated by PK-1 also had at least two positively charged amino acids 

preceding the phosphorylated serine.  
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Figure 4-20 shows an electrostatic potential surface map generated from the PK-1 

structure using the APBS Pymol plugin. The region surrounding the active site is 

largely negatively charged, as shown by the red surface. In particular, the G1 helix 

shown in the blue circle contains a cluster of negatively charged residues, and similar 

clusters are found across PK-1 sequences. The GV PK-1 P-loop is also composed of 

multiple negatively charged residues.  

Although no interaction between the P-loop and substrate are seen in co-crystal 

structures (Hubbard, 1997; Zheng et al., 1993), P-loop mutations in PKA decrease the 

apparent affinity towards the substrate Kemptide (Grant, Hemmer, Tsigelny, Adams, & 

Taylor, 1998) suggesting that P-loop may be involved in protein-substrate binding. 

Interactions between the positively charged substrate and the negatively charged P-loop 

may compensate for the reduction in activity associated with the loss of P-loop glycine 

residues. 

 
Figure 4-20: PK-1 surface potential and active site cleft. The electrostatic surface potential of PK-1 rendered in 

Pymol using the APBS plugin. The active site is located in the groove on left hand side of the image, and is 

surrounded by a negatively charged surface likely involved in substrate binding. Conserved clusters of positively 

charged residues are located on the rear face of the second monomer within the dimer, and may be invovled in DNA 

binding. 

 

In addition to substrate binding, PK-1 surface charge may explain the observed 

interaction of PK-1 with dsDNA. Mixing increasing concentrations of PK-1 with 

dsDNA resulted in the loss of EtBr signal in a concentration dependent manner. The 
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fluorescence intensity of EtBr increases when intercalated between nucleotide bases in 

dsDNA, and is quenched by water. Intercalated EtBr can be displaced by the binding of 

multivalent cations such as protamine (Sorgi, Bhattacharya, & Huang, 1997), or poly(L-

lysine) (Read, Etrych, Ulbrich, & Seymour, 1999). The CpGV PK-1 structure revealed 

a region of positively charged residues on the rear face of the monomer, shown by the 

blue surface. Within this region are two surface exposed poly-lysine clusters that mimic 

the DNA binding regions of multivalent cations, which are shown in red and green 

circles. Displacement of EtBr by the non-specific binding of these residues to DNA 

seems to be the most probable cause of the observed loss of EtBr signal. 

DNA binding may be important for baculovirus function for two reasons. As the major 

substrate p6.9 is itself a DNA binding protein, interaction between PK-1 and DNA 

would bring the substrate and enzyme together to increase their effective concentration, 

therefore increasing the reaction rate. It also provides a mechanism for incorporating 

PK-1 into the capsid–bound to the baculovirus genome.  

 

4.3.5 Arginine phosphorylation 

Serine, threonine, and tyrosine hydroxyl groups are the most common targets for 

phosphorylation; however, arginine phosphorylation has also been reported (Elsholz et 

al., 2012). An early example of this is baculovirus p6.9.Wilson and Consigli (1985) 

reported the detection of arginine phosphorylation of p6.9 by the PiGV capsid 

associated kinase by NMR. Phosphorylation of p6.9 is thought to be catalysed by PK-

1–in AcMNPV PK-1 deletion results in the loss of several of the identified 

phosphoarginines sites (A. Li et al., 2015b). This work has shown that recombinant 

CpGV PK-1 has the same divalent cation specificity as the PiGV capsid associated 

kinase (Wilson & Consigli, 1985a). As GVs have only a single gene encoding a protein 

kinase, this suggests that PK-1 is the capsid associated protein kinase and may function 

as a protein arginine kinase.  

Arginine phosphorylation has also been reported in prokaryote and eukaryote species. 

In B. subtillis, the protein kinase McsB phosphorylates the bacterial heat-shock 

response repressor CtsR (Fuhrmann et al., 2009), which regulates protein degradation 

by Clp protease (Trentini et al., 2016). The crystal structure of the CtsR: DNA complex 

revealed that phosphorylated arginine residue is located within the DNA binding region. 
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Phosphorylation of arginine residues on histone 3 by a Ca2+/ Calmodulin dependent 

kinase has been detected in mouse leukaemia cells (Wakim & Aswad, 1994), while an 

arginine phosphorylating protein kinase was discovered tightly bound to rat liver DNA 

(Levy-Favatier, Delpech, & Kruh, 1987). Taken together, these results suggest that a 

major biological role of arginine phosphorylation is in regulating protein: DNA 

interactions. The importance of arginine phosphorylation may have been previously 

overlooked due to the instability of phosphoramidate bond (Cieśla et al., 2011).  

Two potential substrates were used to characterise PK-1 phosphorylation specificity: E. 

coli expressed Vp39, and a commercial preparation of salmon protamine sulphate. Two 

Vp39 fragments were identified by LC-MS/MS with high confidence as being 

phosphorylated by PK-1, and both were phosphorylated on serine residues. 

Phosphorylated protamine could not be detected by LC-MS/MS, and the specific 

phosphorylation sites could not be identified. However, masses matching several 

phosphorylation states of the four protamine isoforms were detected by FT-ICR-MS 

experiments. Seven of these masses matched to theoretical masses of three of the 

isoforms with more added phosphate groups than serine residues to act as phosphate 

acceptors. The seven observed masses matched the calculated masses with a mass error 

of less than 10 parts-per-million. As the protamine sequences have no other common 

phosphate acceptors such as threonine or tyrosine residues but are rich in arginine 

residues, in the absence of a more compelling explanation, this suggests that CpGV PK-

1 can also phosphorylate arginine side-chains. 

 

4.3.5 Future work  

The crystal structure and accompanying biochemical and sequence analysis described in 

this chapter reveal that CpGV PK-1 is a novel protein kinase. Several structural features 

of the PK-1 raise questions regarding protein kinase function and evolution, and may 

enable greater understanding of the protein kinase catalytic cycle. Four potential 

avenues for further research are outlined below. 

1) CpGV PK-1 was shown to be active despite lacking glycine residues in the P-loop. 

Are NPV PK-1 enzymes (which have typical P-loop sequences) more catalytically 

efficient than their GV homologs? Do other protein kinases retain any residual activity 

if the P-loop is mutated to the GV PK-1 sequence? Are the acidic residues in the GV 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cie%C5%9Bla%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21623415
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PK-1 P-loop necessary for activity, and do they interact with the positively charged 

substrate? Can GV PK-1 homologs replace NPV PK-1 in vivo? What evolutionary 

reason is there for the sequence divergence between GV and NPV PK-1 homologs of 

baculoviruses infecting the same host? 

2) PK-1 appears as a dimer within the asymmetric unit with an extensive interface, and 

is a dimer in solution. Do NPV PK-1 enzymes also exist as dimers? Can a soluble 

monomeric construct of CpGV PK-1 be produced? The dimeric interface includes the 

activation loop, which is used to regulate enzymatic activity through a conformational 

change. Is PK-1 activity regulated in the cell, or is it constitutively active? If it is 

regulated, what is the structural basis for regulation?  

3) AcMNPV PK-1 has been reported to phosphorylate arginine residues of the in vivo 

substrate p6.9. Does CpGV also phosphorylate p6.9, and on arginine residues? When 

using salmon protamine as a substrate, seven masses of phosphorylated isoforms were 

detected showing more added phosphate groups than there were serine residues as 

phosphate acceptors. Can these phosphorylated isoforms be confirmed as due arginine 

phosphorylation?  

4) Protein kinases exhibit flexibility around the N and C-terminal lobes in solution, 

however the structure of CpGV PK-1 appears to restrict such flexibility. Is the catalytic 

domain locked in a rigid conformation in solution? In certain characterised protein 

kinases, the rate-limiting step is a slow conformational change. Is there a similar rate-

limiting conformational transition in the PK-1 catalytic cycle? Can structural features of 

the CpGV PK-1 dimer be used to design rigid dimers of other protein kinases, and if so, 

what effect does it have on catalytic activity?  
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Chapter 5 Purification of the CpGV capsid 
Electron microscopy has been used extensively to characterise the cellular biology of 

the baculovirus lifecycle, and to establish the general structural features of the virus. 

Negative stain electron micrographs reveal that capsid is periodic and well ordered 

(Beaton & Filshie, 1976). The symmetry present in the capsid structure means that it 

may be possible to use improvements in cryo-electron microscopy to produce an atomic 

structure of the virus, as has been recently achieved for numerous other virus capsids 

(Ho & Reddy, 2017).  

The derivation of an atomic model from cryo-electron micrographs requires the 

averaging of tens of thousands of images of single molecules to compensate for the low 

signal inherent in collecting images with low electron dosage (Henderson, 1995). 

Symmetrical particles composed of hundreds or thousands of repeating units such as 

virus capsids require averaging fewer images to produce atomic models at equivalent 

resolutions. Because cryo-electron microscopy does not use a carbon support for 

adsorbing particles, samples need to be more concentrated than for negative stain 

imaging. This section describes attempts to purify the CpGV capsid, and initial cryo- 

electron microscopy experiments. 

 

5.1 Methods 

5.1.1 Occlusion body purification 

CpGV OBs were purified from the commercial preparation, Madex 3 (Key Industries 

Ltd, New Zealand), using a glycerol gradient centrifugation protocol (Arends & Jehle, 

2002). Glycerol gradients were prepared by sequentially layering 3 mL of the glycerol 

solutions with decreasing concentrations (80%, 70%, 65%, 60%, 55%, 50%, and 30% 

V/V) into a 50 mL falcon tube. Between 2 to 5 mL of Madex 3 was pipetted onto the 

top of the gradient, and the mixture was centrifuged for 45 min at 3,200 rcf in a Heraeus 

3 S-R Multifuge with swing bucket rotor (Thermo Fisher Scientific).  

Glycerol steps containing the banded occlusion bodies were removed by pipette, and 

the glycerol mixture was diluted with MQ H2O up to a volume of 50 mL in a separate 

falcon tube, and then centrifuged for 45 min at 3,200 rcf. The supernatant was removed 
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and the pellet was washed in a further 50 mL MQ H2O and centrifuged for 45 min at 

3,200 rcf. This procedure was repeated until the occlusion body pellet was white in 

colour. Pelleted material from the first glycerol gradient step was resuspended in 1 % 

(W/V) SDS and mixed overnight at 37 ˚C, then subjected to the same glycerol gradient 

protocol to increase occlusion body yield, before pooling the purified occlusion body 

samples together. 

 

5.1.2 Differential gradient centrifugation of the capsid 

Typically, the purification of baculovirus capsids is a multistep process in which the 

ODV is released from OBs, then purified by density gradient centrifugation. The capsid 

is then released from the envelope using detergent and again purified using a density 

gradient. The CpGV capsid was purified using a simplified protocol in which the 

crystalline matrix was dissolved at high pH together with the removal of the lipid 

envelope, and the capsid was purified by differential centrifugation.  

Purified occlusion bodies were diluted 10-fold into carbonate buffer (100 µM NaHCO3 

pH 11.0, 2% V/V NP-40) and mixed at room temperature until the solution became 

largely transparent. The released capsids purified by differential centrifugation using a 

5425R desktop centrifuge (Eppendorf) for slow speed centrifugation and an Optima 

Max XP ultracentrifuge (Beckman Coulter, Brea, CA, USA) for ultracentrifugation. 

The time (T, in hours) taken for the capsid to pellet in a given centrifuge was calculated 

from the clearing factor (k) of the centrifuges and an approximate sedimentation 

coefficient of the baculovirus capsid (S): 

𝑇𝑇 =
𝑘𝑘
𝑆𝑆 

 

The clearing factor was calculated from the maximum and minimum radii of the rotor 

from the centre of rotation (rmax, rmin, in cm), and maximum angular velocity (ω, in 

radians s-1), using the equation: 

𝑘𝑘 =
𝐿𝐿𝐿𝐿 �𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

�

𝜔𝜔2 ×
1013

3600
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Centrifuge rotor dimensions are available on the manufacturers websites. A 

sedimentation co-efficient for the capsid was estimated from literature values for 

baculovirus virions, which has been reported as between 1200 - 1600 S (Kelly, 1987). 

As the capsid itself lacks the lipid membrane, associated membrane proteins, and 

potentially DNA, a lower sedimentation coefficient was estimated for the CpGV capsid 

between 1000- 1500 S. Table 5-1 shows the predicting pelleting times of particles of a 

given sedimentation coefficient using the two rotors. 

Rotor Clearing factor 400 S 600 S 800 S 1000 S 1500 S 

TLS55 50 7.5 5 3.75 3 2 
5425 R 520 78 52 39 31 21 

Virus S Diameter Length Source 

Baculovirus 1200 - 1600 S 50 nm 320 nm Kelly 1987 

TMV 194 18 nm 300 nm Zaitlin and Israel 1975 

Table 5-1: Pelleting time in minutes for particles of a range of sedimentation coefficients. 

 

Based on the above equation, the dissolved occlusion body solution was centrifuged for 

10 minutes at 21,130 rcf in the 5425R centrifuge to pellet large aggregates while the 

released capsids remained in solution. The supernatant was then removed and pipetted 

into a 2.2 mL polycarbonate thin-walled ultracentrifuge tube (Beckman Coulter), and 

centrifuged for 20 minutes at 259,000 rcf using a TLS55 rotor in an Optima Max XP 

ultracentrifuge (Beckman Coulter), to pellet the capsid. Following ultracentrifugation, 

the pellet containing the released capsids were resuspended in 1 mL 3 mM NaN3. The 

differential centrifugation step was repeated three times to removed aggregated material 

and detergent from the sample. At various stages during the purification process, 2 µL 

samples were visualised by negative stain electron microscopy to evaluate sample 

concentration and purity. 

 

5.1.3 Density gradient centrifugation of the capsid 

A stock solution of 80% W/V Nycodenz (Hong, Yoon, & Lim, 2005; Rickwood, Ford, 

& Graham, 1982) was prepared in 3 mM NaN3 and sterile filtered using a 0.45 µm cut-

off syringe filter. Density gradients were prepared by layering 100 µL of Nycodenz 

solutions of decreasing concentrations (56%, 54%, 52%, 50%, 48%, 46%, 44%, 40%, 

38% and 36% W/V) into the bottom of a 2.2 mL thin-walled polypropylene tube 

(Beckman-Coulter). A volume of 200 µL of the capsid solution produced in 5.1.2 was 
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layered on top of the step gradient. The density gradients were centrifuged 2 hours at 

259,000 rcf using a TLS55 rotor in an Optima Max XP ultracentrifuge (Beckman 

Coulter), to band the capsid solution. The thin walled tube was pierced through the 

bottom with a syringe and the fractions were collected in 1.6 mL Eppendorf microfuge 

tubes. The fractions were diluted in 10 fold in 3 mM NaN3 and viewed using negative 

stain electron microscopy. 

 

5.2 Results 

5.2.1 Occlusion body purification 

Three complete glycerol gradient purifications produced white, crystalline slurry from 

the original brown commercial preparation. Figure 5-1 shows negative stain electron 

micrographs indicating the purity of the occlusion body sample.  
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Figure 5-1: Occlusion body purification. This figure shows a negative stain electron micrograph of occlusion 

bodies purified from the commercial Madex 3 product. Scale bar 1 µm. 

 

5.2.2 Differential centrifugation of the capsid 

Figure 5-2 shows negative stain electron micrographs of purified capsids. Panel A 

shows a representative micrograph showing the purity and homogeneity of the capsid 

sample achieved by protocol. The capsid sample was largely composed of hollow, 

straight tubes with a mean length of 318 nm (n = 30, SD = 14 nm) and an apparent 

diameter of 47 nm (n = 30, SD = 2 nm).  

The majority of particles lacked the distinct end structures seen in figure 1.2 A, 

however a small number of examples appear to show either the dome-like cap (box 2) 

or an upturned rim of the tube perpendicular to the carbon support (box 1). The 
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observation of capsids with upturned rims implies that the cylinder must have become 

flattened during the staining process, which can see by the linear creases visible in some 

of the capsids. This may also suggest that in these capsids, the edge of the capsid is 

more rigid than the main body of the cylinder–and therefore does not flatten during 

staining. This could suggest the presence of a distinct end structure. Panel B shows a 

magnified view of box 1, and panel C shows a magnified view of box 2 showing the 

two mentioned end structures. 

Panel D shows a magnified view of a flattened capsid, which is distinctly periodic. 

Panel E shows a Fourier transform of the capsid within the boxed area. The Fourier 

transform shows peaks corresponding to a repeat distance of 4.5 nm, similar to the 4.4 

nm repeat reported by Beaton and Filshe (1976). The sample contained minor 

impurities, but as the contaminant particles were distinguishable from the capsid the 

sample was considered to be of sufficient purity to carry out cryo-electron microscopy 

experiments.  
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Figure 5-2: Capsid purification. This figure shows the capsid sample after purification by the differential 

centrifugation protocol. (A) Negative stain electron micrograph of capsids purified by differential centrifugation. 

Scale bar 1000 nm. (B) A magnified view of the capsid end shown in box 1. Scale bar 50 nm. (C) A magnified view 

of the capsid end shown in box 2. Scale bar 50 nm. (D) Individual capsids showing distinct periodic structure. Scale 

bar 50 nm. (E) Fourier transform of capsid region outlined in D.  

 

Aggregated material was also seen after dissolving the crystal matrix in alkaline buffer. 

The insoluble material was removed by slow speed centrifugation, and was visualised 

by negative stain electron microscopy. The aggregates retained numerous capsids, 

suggesting the purification yield could be improved. 

Figure 5-3 shows a series of electron micrographs showing the disintegration of 

polyhedral envelopes into the fibrous aggregates. Panel A shows purified CpGV 

occlusion bodies before dissolving the crystal matrix in alkaline buffer. Panel B shows 

an occlusion body approximately 15 minutes after being dissolved in carbonate buffer. 

In the micrograph, the nucleocapsid is still surrounded by its lipid envelope and 

polyhedral envelope remains an intact sack-like structure. The envelope appears to have 

with a thick boundary, which may be due to remnant crystalline matrix protein bound to 
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the interior surface of the polyhedral envelope. After approximately one hour, the thick 

boundary is no longer seen and the envelope begins to disintegrate.  

 
Figure 5-3: Disintegration of polyhedral envelope. The yield of the purification process was reduced by the 

presence of an aggregated mass that retained capsid particles. This figure shows the probable development of the 

aggregated material (A) Purified CpGV occlusion body. (B) Occlusion body immediately follow alkaline treatment. 

(C-F) Disintegration and aggregation of the polyhedral envelope. (F) Aggregrated material with a number of 

entangled capsids (shown by the arrow). 

 

5.2.3 Density gradient centrifugation of the capsid 

Density gradient purification was carried out on a partially purified capsid sample using 

a step gradient composed of the iodinated density gradient media Nycodenz (Figure 5-

4). The sample banded within two Nycodenz steps, at 40 % and at 46 % V/V Nycodenz 

corresponding to approximate densities of 1.3 g mL-1 and 1.33 g mL-1.  

Additional material pelleted to the bottom of the tube during ultracentrifugation. The 

thin wall polycarbonate tube was pierced with a syringe, and the gradient steps were 

collected for analysis by negative stain electron microscopy, shown in Figure 5-4. The 

44% (B) and 44% (C) Nycodenz fractions were impure, and while the pelleted capsid 

sample (D) was free of contaminants, the capsids themselves were aggregated, and 

unsuitable for cryo-electron microscopy experiments. 
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Figure 5-4: Density gradient purification of CpGV capsids. This figure shows negative stain electron micrographs 

from samples before and after density gradient purification protocol. (A) Capsid sample following differential 

centrifugation. (B) 40 % Nycodenz band. (C) 46 % Nycodenz band. (D) Pelleted capsid aggregates. Scale bar 1 µm. 

 

5.2.4 Cryo-electron microscopy 

Purified capsid samples produced from the differential centrifugation protocol were 

viewed under cryogenic conditions at -180 ˚C using a Tecnai F20 microscope and 

micrographs were recorded on an Ultrascan 4000 CCD detector. In the micrographs, the 

tube structures were clearly visible, however, few suspended particles were seen within 

the holes of the carbon grid. Particles were only visible in one third of the holes viewed, 

and where present, an average of 3 particles were visible within the ice. A significant 

number of capsids were adsorbed to the carbon surface. Figure 5-6 shows a 

representative cryo-electron micrograph of the purified CpGV capsid sample. 



5.2 Results  Chapter 5: Purification of the CpGV capsid  

 150 

 
Figure 5-5: Cryo-electron micrographs of CpGV capsids. This figure shows cryo-electron micrographs of CpGV 

capsids purified by differential centrifugation. Capsids appear as mostly rigid tubes with uniform diameter, with 

some flared out at the ends of the tubes. Capsids tended to cluster towards the edges of the hole in the carbon, and 

many capsids were adsorbed to the carbon support. Scale bar 0.5 µm. 

 

The particles appeared straight when suspended in the vitreous ice, and the bent tubes 

seen in negative stain micrographs (Figure 5-2 A) were not observed. In several 

particles, the rim of the tube was wider than the body of the capsid, with the flared ends 

having a diameter 45 % wider than the body of the tube. The ‘dome’ and ‘claw’ 

structures (figure 1-2 A) described by Au and Pante (2012) were not observed. No 

periodicity was observed by Fourier analysis, perhaps because of the low contrast in the 

collected micrographs.  
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5.3 Discussion 

5.3.1 Capsid purification 

Various capsid purification protocols have been described in the literature. These 

involve dissolving the crystalline matrix in alkaline buffer, centrifuging the virion 

through a gradient of dense media, removing the lipid envelope with non-ionic 

detergent before a second density gradient centrifugation step. Nucleocapsids purified 

in this way show varying degrees of structural inhomogeneity. In addition to DNA 

filled nucleocapsids with intact end structures, nucleocapsids releasing DNA, capsid 

tubes missing both DNA and end structures, and disintegrating tubes have been 

observed (Beaton & Filshie, 1976; Tweeten et al., 1980a). 

In this research, a simplified purification protocol was used in which the lipid 

membrane was removed at the same time that the polyhedrin crystal matrix was 

dissolved, and the capsid was purified by differential centrifugation. Large aggregates 

were removed by slow speed centrifugation, and capsids in the supernatant were 

pelleted by ultracentrifugation. Capsid concentration was limiting factor. Large 

aggregates removed during slow speed centrifugation were observed to be composed of 

fibres that contained a number of capsids. These aggregates appeared to be composed of 

a breakdown product of the polyhedral envelope.  

The protocol produced capsid tubes missing the two end structures and did not appear 

to contain DNA. The lack of distinct end structures could be caused by either a genuine 

difference in between the capsids of CpGV with previously purified baculovirus 

species, or due to the purification procedure used in this work. The presence of a small 

number of apparently intact capsids seen in figure 5.2, as well as the literature reports of 

the instability of the capsid (Bud & Kelly, 1980) suggest that the CpGV capsid is 

structurally similar to previously characterised capsids, and the differences observed 

were due to the purification procedure used in this work. 

Negative stain micrographs showed flattening of the capsid tubes during the staining 

process and Fourier transforms of flattened tubes showed distinct periodicity of the 

sample. The purification protocol produced a sample of moderate purity, with small 

aggregates seen in addition to purified capsid. 
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The capsid sample was visualised in vitreous water without further purification. Capsids 

were visible, however few capsids were observed in the holes, and the majority of the 

holes were completely missing suspended particles. The remaining sample was 

concentrated by evaporating away water from the buffer. Even after concentration, too 

few particles were visible suspended in the ice to enable efficient data collection of a 

sufficient number of particles for structure determination. 

No periodic structure was seen in Fourier transforms of the capsids suspended in 

vitreous ice. The most obvious cause for this is the intrinsic low contrast of cryo-

electron microscopy. Contrast could be increased by optimising the defocus settings 

when recording images, or recording data using an electron microscope fitted with a 

phase plate and direct electron detector. These experiments were not carried out due to 

the difficulty of purifying sufficient quantities of capsids from the limited sample of 

occlusion bodies.  

 

5.3.2 Future work. 

This chapter describes the purification of the CpGV capsid and preliminary cryo-

electron microscopy reveal capsids within the vitreous ice, however, due to the low 

concentration of particles automated data collection could not be efficiently carried out 

and attempts to determine the capsid structure were discontinued. In order to determine 

the atomic structure of the CpGV capsid, considerably higher concentrations of purified 

capsid would be required, which could be achieved through a number of ways:  

1) Bulk production of GV using infected coddling moth larvae. 

2) Increasing the yield of the purification procedure. After dissolving the crystal matrix, 

polyhedral envelopes disintegrated, forming an aggregated mass that contained 

numerous capsids. Completely removing the polyhedral envelope before dissolving the 

crystal matrix may improve the purification yield. 

3) Stabilising purified capsids structure. The purified capsids themselves proved to be 

unstable over time. Following the release of the capsids from the lipid envelope, the 

distinct end structures of the capsids were lost and in cylindrical body of the capsid 

slowly broke down over a period of weeks. One possible method to prevent this would 

be through chemical cross-linking with glutaraldehyde. Cross-linking during gradient 
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centrifugation (Kastner et al., 2008), has been used to stabilise protein assemblies for 

cryo-EM analysis  
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Chapter 6 General discussion 

6.1 Overview 
This research was conducted with the aim of characterising the structure and assembly 

mechanism of the CpGV capsid, and the structures of its associated proteins. The three 

substantive chapters of this thesis describe different approaches taken towards this aim.  

Chapter three focused on the recombinant expression and biochemical characterisation 

of the major capsid protein, Vp39. For this chapter, I expressed a soluble fusion 

construct of Vp39 and developed a protocol for cleaving the fusion protein to produce 

helical arrays that were then used to identify regions involved in Vp39 self-assembly. 

Chapter four focused on the recombinant expression, crystallisation, and biochemical 

characterisation of a capsid associated protein kinase, PK-1. I have determined the 

atomic structure of PK-1, which was revealed to have several novel structural features 

compared to other members of the protein kinase family. 

Chapter five focused on the purification of nucleocapsids from occlusion bodies, and 

the preliminary visualisation of the capsids using cryo-electron microscopy. While an 

atomic structure could not be determined due to the limited concentration of the 

purified capsid, comparison of electron micrographs of the purified capsid with the 

recombinant helical arrays revealed several important differences between the two. 

This chapter will summarise the results of this research within the context of virus 

assembly, and baculovirus biology.  

 

6.2 Structural variability in capsid assemblies 
The first significant result of this thesis was the development of a protocol to purify 

Vp39, resulting in the self-assembly of helical arrays. The helical assemblies of E. coli 

expressed Vp39 had a noticeably different structure than purified CpGV capsid tubes. 

Negative stain electron micrographs of purified capsid revealed a highly periodic 

structure with a diameter of ≈ 50 nm. Reported values baculovirus dimensions vary 

significantly based on species, method of visualisation and presence of DNA, with 

diameters estimated as ranging from ≈ 35 to 100 nm (Ackermann & Smirnoff, 1983; 
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Wang et al., 2016). The predominant helical assembly of recombinant Vp39 had a 

diameter of ≈ 26 nm, and had a thick outer edge (≈ 7 nm) compared to the capsid, 

which suggests that the tubes may be multilayered.  

The diameter of virus particles is controlled by the degree of curvature of the protein 

assembly (Šiber & Majdandžić, 2009). Changes to the curvature or the rigidness of a 

protein interface is commonly induced by conformational changes in the capsid protein 

during virion maturation (Spilman et al., 2011). The formation of capsid assemblies 

with different morphologies can be induced in vitro by changing the chemical 

environment, particularly the pH or salt concentration (Carpenter, 1970; Desfosses et 

al., 2013; Ehrlich, Agresta, & Carter, 1992; Ganser, Li, Klishko, Finch, & Sundquist, 

1999; Iseni, Barge, Baudin, Blondel, & Ruigrok, 1998; Kiselev & Klug, 1969; Lampel 

et al., 2013; Salunke, Caspar, & Garcea, 1989). 

This is most pronounced in helical viruses. As conformational changes are propagated 

along the entire length of a helix, small changes in the structure or arrangement of 

capsid protein monomers can induce significant changes to the overall structure and 

symmetry. For example, the Vesicular Stomatitis virus capsid has been observed to 

adopt a variety of conformations ranging from loose, ribbon-like structures (150 mM 

NaCl, pH 7.5) to tightly packed bullet shaped virus particles (pH 5.0, low salt) 

(Desfosses et al., 2013). Additionally, the capsid protein forms a disc when bound to 

short RNA fragments (Iseni et al., 1998). 

Variations in particle diameter are also common. Kiselev and Klug (1969) reported the 

assembly of two tube assemblies of the Papilloma virus capsid protein: a wide form 

with a diameter of ≈ 50 nm and a narrow form with a diameter of ≈ 30 nm. Variability 

in tube diameter can also result in capsid proteins forming multi-layered concentric 

cylinders, which is seen with the Rous Sarcoma virus and HIV capsid proteins (Barklis 

et al., 2009; Jaballah et al., 2017). Taken together, these results show the differences 

between the recombinant assemblies of Vp39 and purified capsids are within the range 

of variability seen in capsid assemblies of natively folded protein reported in the 

literature. 

Some degree of variation was seen in the Vp39 assembly based on the composition of 

the cleavage buffer. Further optimisation of the buffer conditions may produce a more 

periodic structure that would enable the determination of its atomic structure using 
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cryo-electron microscopy. This could in turn reveal conformational differences with 

Vp39 present in the capsid, when the capsid structure is inevitably determined. 

As the narrower Vp39 helical assemblies form spontaneously from purified protein in a 

near physiological buffer, the variation seen between the recombinant assemblies and 

purified virus raise some intriguing questions regarding baculovirus capsid assembly in 

vivo. In particular, what promotes the capsid-like arrangement of Vp39 over the 

formation of the narrow assemblies in vivo?  

 

6.3 Domain structure and oligomerisation of Vp39 assemblies 
Protein monomers must form at least two protein: protein interfaces in order to 

assemble into a repeating lattice that will form a capsid. Three regions potentially 

involved in Vp39 assembly were identified during the course of this research.  

Vp39 was prevented from self-assembling out of solution following the loss of a C-

terminal domain by proteolysis at Lys246, and an apparent stable C-terminal domain was 

detected by LC-MS. The C-terminal domain could mediate oligomerisation through two 

different mechanisms. In the HIV-1 capsid, a two-fold interface is formed through the 

symmetrical dimerisation of the C-terminal domain (Ivanov et al., 2007). Alternatively, 

and interface could be formed by the extension of the C-terminal domain into a 

complementary pocket on the surface of the N-terminal domain (Hashimoto et al., 

2010). Vp39 sequences share no homology with other characterised virus capsid 

proteins that could inform whether Vp39 uses a similar oligomerisation mechanism.  

The importance of the C-terminal domain in Vp39 assembly is supported by a recent 

publication by Katsuma and Kokusho (2017), who reported that mutation of a 

conserved glycine residue within the C-terminal domain (BmNPV Gly276, CpGV 

Gly257) prevented capsid assembly.  

Additionally, Vp39 was observed to form disulphide-linked oligomer with an apparent 

molecular weight of a trimer. Following reaction with GSSG, tandem mass 

spectrometry experiments revealed two cysteine residues had formed a covalent adduct 

with excess glutathione: Cys49 and Cys216. Three putative intra-molecular disulphide 

bonds were identified from a monomer sample of MBP-TEV-Vp39, and two of these 

were detected in the cleaved Vp39 oligomer. The three putative disulphide bonds and 
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two glutathionylated cysteine residues account for the eight cysteine residues present in 

the Vp39 amino acid sequence.  

While not definitive, it appears likely that Cys49 and Cys216 represent the only surface 

exposed cysteine residues in the protein, and therefore form an inter-molecular 

disulphide bond to make up a second oligomerisation interface. CpGV capsids were 

also stabilised by inter-molecular disulphide bonds. The addition of reducing agent 

during purification caused the complete loss of capsids when viewed by negative stain 

electron microscopy (not shown). In contrast, the Vp39 assemblies were stable towards 

reducing agents. The reason for the difference in stability towards reducing agents 

shown between the capsid and the recombinant helical assembly is not know. 

The formation of a distinct oligomer within the micrometre long helical assemblies 

composed of thousands of repeating units indicates that Vp39 is arranged into an 

enclosed cyclic conformation. This may suggest that the capsid protein first forms an as 

of yet uncharacterised capsomere that nucleates the formation of the capsid and 

recombinant assemblies. 

Disulphide bond formation is beneficial for a virus, as they can significantly increase 

capsid stability: the denaturation temperature of Qβ-bacteriophage particles is reduced 

by ≈ 40 ˚C when heated in a reducing buffer (Ashcroft et al., 2005). Because of this, 

disulphide bonds are found in capsid proteins across a wide variety of virus species, and 

stabilise a variety of interactions within capsid structures. For example, the HPV L1 

capsid protein forms disulphide stabilised trimers (Sapp, Fligge, Petzak, Harris, & 

Streeck, 1998), while the crystal structure of the HIV 1 capsid protein C-terminal 

domain reveals a pair of cysteine residues within bond forming distance at the 

dimerisation interface (Ivanov et al., 2007). The AAV capsid protein has both inter and 

intra-molecular disulphide bonds to stabilise the structure (Pulicherla, Kota, Dokholyan, 

& Asokan, 2012).  

Viruses must alter the redox environment of the cytosol of infected cells to promote 

disulphide bond formation. This is achieved by reducing a cells ability to maintain a 

reducing environment, and expressing enzymes that catalyse disulphide bond formation 

(Hakim & Fass, 2010). In baculoviruses, a flavin adenine dinucleotide (FAD) 

dependent sulfhydryl oxidase, p33, is expressed to catalyse disulphide bon formation 

(Hakim et al., 2011). Although Vp39 as not yet been identified as a substrate of p33, it 
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seems likely. P33 is conserved across baculoviruses, and has been detected in both the 

nucleocapsid and envelope fractions of both purified BV and ODV. Insect cells infected 

with recombinant AcMNPV lacking the gene for p33 show a 99% reduction in budded 

virion production (Nie et al., 2011).  

The identification of the domain structure and the requirement of the C-terminal domain 

for self-assembly may serve as a starting point for designing soluble constructs of the 

full-length protein and its two component domains for characterising the structure and 

assembly of Vp39. The identification of Vp39 as forming a disulphide-linked oligomer 

within the helical assemblies also raises the question of what role the baculovirus 

protein p33 plays in capsid assembly.  

 

6.4 Phosphorylation and the baculovirus lifecycle 
The second significant result of this thesis was determining the structure of the CpGV 

protein kinase PK-1 to 2.22 Å. The sequence and structure of PK-1 revealed several 

features that are not commonly observed in other protein kinases. GV PK-1 sequences 

lack three highly conserved glycine residues located in the P-loop, and the loss of these 

residues typically causes significant reductions in kinase activity. I was able to show 

that PK-1 was active despite lacking these residues. The refined structure revealed that 

PK-1 was a tightly packed dimer, and the dimeric interface stabilised two flexible 

regions typically associated with kinase regulation in the active conformation. 

Due to the unexpected observation that Vp39 was phosphorylated during expression by 

an E. coli protein kinase, experiments were carried out to see if recombinant Vp39 

could also be phosphorylated by PK-1. From this, three additional phosphorylation sites 

were detected and two were convincingly attributed to phosphorylation by PK-1: Ser62 

and Ser250. Hou et al. (2013) have published the proteomes of both the BV and ODV 

from HaNPV and identified 43 phosphorylation sites from 23 baculovirus proteins. One 

of these phosphorylated residues was Ser225 (Ser220 in CpGV) in Vp39 derived from the 

ODV sample.  

While PK-1 is required for capsid assembly, baculoviruses lacking PK-1 still produce 

hollow tubes of Vp39 in infected cells, and these appear similar in structure to the 

capsid (Liang et al., 2013). Combined with the fact that there were no phosphorylation 
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sites detected HaNPV BV derived Vp39, these results suggests that phosphorylation is 

not required for Vp39 self-assembly (Hou et al., 2013). The role that PK-1 plays in 

capsid assembly is not yet clear, as there are many identified phosphorylated 

baculovirus proteins, in addition to many possible cellular targets (Hou et al., 2013; 

Shobahah et al., 2017) that may be involved in capsid assembly. 

Still, these phosphorylation experiments were useful because they show an interaction 

between PK-1 and Vp39, identify flexible surface exposed regions of Vp39, and 

provide more information regarding PK-1 substrate specificity.  

As previously mentioned, kinase activity is detected in purified capsids (Wilson & 

Consigli, 1985a). The mechanism by which PK-1 is incorporated into capsid structure is 

not yet known. The results of this work suggest two possible mechanisms. Either PK-1 

could be incorporated into the capsid through its association with the dsDNA genome, 

or through interaction with Vp39. Additional experiments will be required to 

differentiate between the two possible mechanisms. 

Two of the phosphorylated serine residues were located near regions previously 

proposed to be involved in Vp39 self-assembly. One phosphorylated serine, Ser43, was 

located six residues away from a surface exposed cysteine residue, Cys49. Another 

serine, Ser250, is located in the C-terminal oligomerisation domain. This supports the 

theory that these regions are surface exposed and could be involved in protein 

oligomerisation.  

Each of the serine residues phosphorylated by PK-1 had a number of positively charged 

residues up-stream of the phosphate acceptor, which is consistent with the serine and 

arginine rich character of the major substrate p6.9. The phosphoproteome of 

baculovirus infected B. mori has recently been published by Shobahah et al. (2017), 

which revealed that phosphorylated peptides frequently had arginine residues up to six 

residues upstream, and lysine residues between three to six residues upstream of the 

phosphate acceptor. The crystal structure presented in this work, accompanied by the 

sequence analysis and characterisation of substrate peptides suggests that this substrate 

specificity is likely due to phosphorylation by PK-1. 

The major in vivo PK-1 substrate, p6.9, binds non-specifically with DNA via 

interactions between arginine side-chains of the peptide and the phosphate backbone of 
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DNA, which allows genomes to adopt compact structures (Balhorn, 2007). The 

baculovirus genome rapidly replicates following infection, generating approximately 

100,000 copies per cell. Few (≈ 15%) of these copies will be packaged into 

nucleocapsids (Rosinski, Reid, & Nielsen, 2002). The remaining viral DNA serves as a 

template for the transcription of the very-late genes. DNA condensation by p6.9 is 

required for packaging the genome into the capsid (C. Joel Funk & Consigli, 1993), and 

the binding of p6.9 to baculovirus genome within the cell likely prevents efficient 

transcription of baculovirus genes from the template DNA by RNA polymerases. In 

developing sperm cells, RNA transcription is inhibited following the formation of 

tightly packed DNA: protamine complexes (Shobahah et al. 2017; Hou et al. 2013). 

Phosphorylated protamine has reduced affinity towards DNA, which causes the 

dissociation of protamine: DNA complexes (Wilson & Consigli, 1985b). Within the 

nucleocapsid, dissociation of p6.9 would be required to expel DNA (Wilson & 

Consigli, 1985b). Introducing negatively charged phosphate groups into the interior of 

the capsid by phosphorylation of Vp39 could have a similar effect in releasing DNA, 

although this has not been investigated.  

Meanwhile, in infected cells the dissociation of protamine: DNA complexes would 

render template DNA accessible for transcription. In AcMNPV, hyper-phosphorylation 

of p6.9 is associated with the over expression of polyhedrin and p10, which are 

important for occlusion body formation. Deletion of PK-1 or mutation of p6.9 

phosphorylation sites down-regulates transcription of these late genes (A. Li et al., 

2015b).  

Once expressed, p6.9 is immediately phosphorylated, and then dephosphorylated over 

the course of approximately an hour (Oppenheimer & Volkman, 1995). The 

phosphorylation states of p6.9 have been characterised for budded virions, which are 

produced early in the infection cycle, and occlusion derived virions, which are produced 

in the final stages of infection. Only dephosphorylated p6.9 is purified from the budded 

virion, while multiple phosphorylated isoforms are detected in occlusion-derived 

virions (Liu et al., 2012).  

Because of the immediate phosphorylation and short half-life of p6.9, the involvement 

of highly phosphorylated p6.9 species in events that occur late in the infection cycle 

cannot be explained simply by the slow accumulation of phosphorylated protein. This 
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suggest that the regulation of protein kinase and phosphatase activity plays an important 

role in the baculovirus lifecycle. The structure of PK-1 determined during this research 

has a novel dimeric interface that appears to prevent PK-1 from undergoing two 

specific conformational changes typically associated protein kinase regulation. This 

suggests that PK-1 is constitutively active, which raises the question of what 

mechanisms are used to regulate phosphorylation by PK-1 in infected cells and the 

nucleocapsid.  

In addition to p6.9 and Vp39, several other phosphorylated baculovirus proteins have 

been identified, including Gp64 (Volkman & Goldsmith, 1984), IE1 (Taggart, Mitchell, 

& Friesen, 2012), PEP (Whitt & Manning, 1988) and p10 (Cheley et al., 1992). It has 

not yet been determined whether these proteins are phosphorylated by PK-1 or an insect 

protein kinase. The identification of PK-1 substrate peptides in this work may help 

identify likely substrates for further biochemical characterisation, to help elucidate the 

role of PK-1 during viral infection. 

 

6.5 Concluding remarks 
Many basic questions regarding the structure and assembly of baculovirus infectious 

particles remain unanswered. In this thesis, I sought to expand the understanding of the 

structure of the capsid and capsid-associated proteins. 

An atomic structure of the major capsid protein Vp39 could not be determined through 

either X-ray crystallography or cryo-electron microscopy. However, I have developed a 

protocol for purifying recombinant Vp39 and inducing its assembly into helical arrays, 

which with further optimisation may allow the atomic structure of Vp39 to be 

determined. This protocol also shows promise as an experimental tool for characterising 

the residues involved in baculovirus capsid assembly. Disrupting self-assembly would 

allow the expression of a soluble construct to further characterise previously identified 

interactions between Vp39 and viral and cellular proteins. 

I have also determined the atomic structure of the capsid associated protein kinase PK-

1. The unique rigid dimeric interface seen in the crystal structure and lack of the P-loop 

glycine residues in the amino-acid sequence make CpGV PK-1 an interesting subject of 

future investigations to help elucidate the kinase catalytic cycle. The importance of the 
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P-loop glycine residues for catalysis is reflected in their high degree of conservation 

across the protein kinase family, and the difference in P-loop sequence between alpha 

and beta-baculoviruses infecting the same species raise questions regarding the 

evolution of baculoviruses. 

The capsid is highly periodic, and was easily seen when embedded in vitreous ice. The 

primary limitation was in acquiring enough of the occlusion body sample to produce a 

high concentration of capsid for efficient data collection. As this is a question of 

resources rather than an experimental difficulty, it seems inevitable that the structure of 

the baculovirus capsid will be determined using cryo-electron microscopy combined 

with modern data processing. This will allow the results of the work on recombinant 

Vp39 described in this thesis to be further tested.
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