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Abstract 

Baculovirus gene expression is temporally divided into early and late stages. Viral late expression 

factors (LEFs) are essential for the transition between the early and late transcriptional stages, as well as 

for late gene expression. A virus-encoded RNA polymerase (RNApol) transcribes late and very late 

genes. Four LEFs comprise the core viral RNApol sufficient for in vitro transcription: LEF-4, LEF-8, 

LEF-9, and P47. LEF-4 has triphosphatase, guanylyltransferase, and ATPase activities. LEF-8 and LEF-9 

contain catalytic motifs that are conserved in the active sites of other multisubunit RNApols. These motifs 

are required for in vitro baculovirus RNApol transcription. P47 has no demonstrated enzymatic activity. 

How these four subunits associate in vivo within the viral RNApol complex and initiate transcription is 

undetermined, as is whether its transcription mechanism requires the host TATA binding protein (TBP). 

Viral DNA replication coincides with the transition between early and late transcription and it is closely 

associated with the regulation of late gene expression. Two LEFs essential for viral DNA synthesis,  

LEF-3 and P143, have also been implicated in the regulation of baculovirus RNApol transcription.  

Bimolecular fluorescence complementation (BiFC) assays were adapted to characterize the in 

vivo interactions of the viral RNApol subunits LEF-4, LEF-8, LEF-9, and P47, in the context of viral 

infection, as well as to investigate their potential interactions with viral DNA replication proteins LEF-3 

and P143, and host Spodoptera frugiperda TBP. The proteins of interest were modified by N-terminal 

fusions of the Venus1 (aa1-158) or Venus2 (aa159-239) fragments of the Venus fluorescent protein. 

Recombinant plasmids and baculoviruses were constructed. Nuclear fluorescence was detected from all 

BiFC assays investigating the self-association and inter-subunit interactions of the viral RNApol. BiFC 

assays also suggested that the viral RNApol proteins interact with LEF-3, P143, and TBP. The potential 

effects of endogenous viral proteins and viral DNA on the detected protein-protein interactions are 

discussed. The results highlight extensive interactions between the core baculovirus RNApol subunits, 

possible roles of viral DNA replication proteins in the nuclear localization and transcription mechanism of 

the viral RNApol, as well as the involvement of host TBP in in vivo late stage transcription. 
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Chapter 1 

Introduction 

The Baculoviridae family consists of enveloped viruses with circular double-stranded DNA 

genomes, organized into four genera: Alphabaculovirus, Betabaculovirus, Gammabaculovirus, and 

Deltabaculovirus. Several alphabaculoviruses, including isolates of the species Autographa californica 

multiple nucleopolyhedrovirus (AcMNPV), are extensively used as eukaryotic protein expression vectors 

for a variety of research and commercial purposes involving recombinant foreign protein production, by 

manipulation of their very late gene hyperexpression (van Oers et al., 2014). Baculoviruses have also 

been developed as biological alternatives to chemical pesticides based on their tropism to particular insect 

species and their inability to replicate in mammalian cells (Cory & Franklin, 2012). Advances of these 

applications have been dependent upon an understanding of the baculovirus infectious cycle and host 

range factors, as well as the mechanisms and regulation of viral gene expression and DNA replication. 

Like many other dsDNA viruses, baculoviruses divide their transcription into strictly regulated 

early and late temporal stages, separated by viral DNA replication (Friesen & Miller, 1986). Unlike other 

dsDNA viruses, baculoviruses use two distinct RNA polymerases (RNApols) for nuclear transcription. 

Cellular RNApol II and associated transcription factors, including TATA binding protein (TBP), are used 

to transcribe immediate early and delayed early viral genes from host-like promoter elements before viral 

DNA synthesis (van Oers & Vlak, 2007; Hoopes & Rohrmann, 1991). An α-amanitin-resistant RNApol is 

used for transcription from TAAG motifs of late and very late promoters (Glocker et al., 1993; Grula et 

al., 1981). Cycloheximide (protein synthesis inhibitor) or aphidicolin (DNA synthesis inhibitor) treatment 

inhibits the switch to late stage transcription (Huh & Weaver, 1990b), demonstrating that the α-amanitin-

resistant RNApol activity is dependent on early baculovirus gene products and viral DNA replication. 

Accordingly, this RNApol has a distinct chromatographic profile and protein composition in comparison 

to cellular RNApols, and is absent prior to viral DNA synthesis (Yang et al., 1991; Fuchs et al., 1983).  
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The core RNApol capable of in vitro transcription from late and very late viral promoters 

contains four baculovirus late expression factor subunits: LEF-4, LEF-8, LEF-9, and P47 (Guarino et al., 

1998b). The necessity for LEF-4 and P47 was initially recognized by studies of temperature sensitive (ts) 

mutants ts538 (LEF-4) and ts317 (P47), which have similar phenotypes that abolish late transcription 

(Partington et al., 1990). All four of these LEFs are essential for late and very late gene expression in 

transient expression assays (Lu & Miller, 1995b). LEF-4 may be a RNA capping enzyme as it has  

5’ triphosphatase and guanylyltransferase activities (Gross & Shuman, 1998b). LEF-8 and LEF-9 have 

conserved multisubunit RNApol active site motifs that are required for transcription (Ruprich-Robert & 

Thuriaux, 2010; Crouch et al., 2007; Titterington et al., 2003). P47 has no known enzymatic activity.  

Two proteins essential for baculovirus DNA replication, LEF-3 and P143, have also been 

implicated by transient expression assays to be required for viral RNApol transcription (Lu & Miller, 

1995b). LEF-3 is a single-stranded DNA binding protein component of the DNA replisome (Hang et al., 

1995; Kool et al., 1994), and it has a functional nuclear localization signal (NLS) sequence (Au et al., 

2009). During infection LEF-3 is produced in excess (Mikhailov et al., 2003), yet only ~30% is bound to 

viral DNA (Ito et al., 2004), suggesting that the soluble population has other functions. One of the 

additional roles of LEF-3 is mediating the nuclear localization of P143 (Wu & Carstens, 1998), a helicase 

in viral DNA replication (McDougal & Guarino, 2001; Kool et al., 1994). RNApol II assembles prior to 

nuclear import (Boulon et al., 2010). The core baculovirus RNApol subunits lack NLS sequences, but 

LEF-3 may mediate the nuclear import of P47 (Adetola, 2011). If the viral RNApol core complex 

assembles in the cytoplasm, like RNApol II, then LEF-3 could direct its nuclear localization via 

interaction with P47. P143 has been implicated to have a regulatory role in late transcription by studies of 

its ts8 mutant (Passarelli & Miller, 1993b; Gordon & Carstens, 1984). In addition, P143 may be a 

component of the viral RNApol complex because it was detected with LEF-8 and LEF-9 in fractions of 

infected nuclear extracts with late transcription activity (Iorio et al., 1998). Identifying the interactions of 

LEF-3 and P143 with the viral RNApol subunits may clarify their possible transcription-related roles and  
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provide insight into the transition between baculovirus DNA replication and late stage transcription. 

As infection proceeds baculoviruses mediate the shut off of RNApol II transcription, so most of 

the host cell transcriptional machinery and associated proteins have severely downregulated expression by 

the late transcription stage mediated by the viral RNApol (Chen et al., 2014; Carinhas et al., 2011). An 

exception is the host TBP, as its expression increases during baculovirus infection (Quadt et al., 2002). 

TBP also localizes to nuclear regions of viral DNA replication and late transcription (Mainz et al., 2014). 

These observations, and its conserved use as a transcription factor by eukaryotic and nucleo-cytoplasmic 

large DNA virus RNApols (Vannini & Cramer, 2012; Iyer et al., 2006), suggest that TBP is involved in 

baculovirus RNApol preinitiation complex assembly, or that it acts as an accessory transcription factor. 

The baculovirus RNApol likely has a shared function-related structure and subunit organization 

with other multisubunit RNApols (Decker & Hinton, 2013), because of its conserved transcription 

function and catalytic motifs in LEF-8 and LEF-9 (Ruprich-Robert & Thuriaux, 2010). If the enzymatic 

and/or structural role of a protein is unknown, studying its interactions within a large complex can be 

useful in determining its function(s) (Stynen et al., 2012). Most studies examining protein-protein 

interactions in baculoviruses have used methods that remove viral proteins from the live cell environment, 

including yeast-two-hybrid, affinity purification, and coimmunoprecipitation assays. Bimolecular 

fluorescence complementation (BiFC) assays provide a simple yet sensitive in vivo approach.  

The objectives of this study were to generate plasmids and baculoviruses expressing proteins 

suitable for BiFC assays, and to use the virus constructs to investigate the in vivo inter-subunit 

interactions of the baculovirus RNApol during infection, as well as its individual subunit interactions with 

LEF-3, P143, and the host S. frugiperda TATA binding protein. It was hypothesized the baculovirus 

RNApol has extensive inter-subunit interactions, and that one or more of its subunits interacts with LEF-

3, P143, and S. frugiperda TBP, as they are involved in the late stage of transcription. The overall aim of 

this study was to use the BiFC technique in the context of baculovirus infection to gain insight into the 

organization of the baculovirus RNA polymerase and its mechanism of late and very late transcription. 
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Chapter 2 

Literature Review 

 Introduction to baculoviruses   2.1

Diseases of insects have been of interest for thousands of years, particularly those of the silkworm 

(Bombyx mori). Early descriptions of the melting and wilting of diseased silkworm larvae were 

documented in 12
th

 century China (James & Li, 2012), and in western Europe by the 16
th
 century with the 

expansion of the silk trade (Davidson, 2012; Benz, 1986). As interest and advances in microbiology 

increased in the mid-1800s, it was noted that crystalline occlusion bodies with a polyhedral shape were 

found in silkworm larvae with typical disease symptoms (Cornalia, 1856). The cause of this silkworm 

disease was identified to be a filterable agent (von Prowazek, 1907). Subsequent studies demonstrated its 

viral etiology (Glaser & Chapman, 1916). Electron microscopy revealed that polyhedral occlusion bodies 

contain rod-shaped virions, while biochemical analyses showed that the virions are composed of protein 

and infectious nucleic acid (Bergold, 1947). These virions were named ‘baculoviruses’ (Latin ‘baculum’, 

stick or rod). Further studies demonstrated that baculoviruses are ubiquitous in the environment (Groener, 

1986; Heimpel et al., 1973), and that they only infect arthropod insects (Thiem & Cheng, 2009). 

The virus family Baculoviridae is divided into four genera: Alphabaculovirus, Betabaculovirus, 

Gammabaculovirus, and Deltabaculovirus, based on phenotypic characteristics and evolutionary clusters 

identified by genome sequencing. The family contains 50 species (King, 2012), although hundreds of 

less-characterized baculoviruses have been described (Groener, 1986; Martignoni & Iwai, 1986). 

Baculoviruses have covalently closed circular dsDNA nuclear-replicating genomes, of approximately 81 

to 179 kb, which are packaged into enveloped rod-shaped nucleocapsids (30-60 nm x 200-300 nm) (King, 

2012). Baculoviruses likely coevolved with their hosts, leading to their generally restricted host 

specificity to one or a few insect species of the orders Lepidoptera (alpha- and betabaculoviruses), 

Hymenoptera (gammabaculoviruses), or Diptera (deltabaculoviruses) (Herniou & Jehle, 2007; Cory & 
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Myers, 2003). An exception is the type species of the Alphabaculovirus genus, Autographa californica 

multiple nucleopolyhedrovirus (AcMNPV), as its isolates from alfalfa looper moths have unusually broad 

host ranges of at least 32 insect species within 12 families of Lepidoptera (Granados & Williams, 1986; 

Groener, 1986). Most of what is known about baculoviruses is derived from studies of plaque-purified 

strains of an AcMNPV isolate described by Vail and colleagues (1971), particularly in the lepidopteran 

host Spodoptera frugiperda (fall army worm). 

In addition to their host tropism, baculoviruses may be differentiated from other viruses because 

they use the host RNApol II and a unique virus-encoded RNApol for distinct stages of nuclear 

transcription (Guarino et al., 1998b; Hoopes & Rohrmann, 1991; Fuchs et al., 1983). Transcription by the 

viral RNApol is required for the production of two genetically identical but structurally, antigenically, and 

functionally distinct virion phenotypes: budded virus (BV) and occlusion-derived virus (ODV) (Huh & 

Weaver, 1990b; Volkman, 1983). BV production begins after the initiation of viral DNA replication, 

when single nucleocapsids are transported to and bud from the infected cell membrane. BVs can infect 

adjacent host cells, leading to systemic infection, and are responsible for the transmission of infection in 

cell culture (Volkman & Summers, 1977). Very late in infection (18 hpi+) single (SNPV) or multiple 

nucleocapsids (MNPV) are enveloped in the nucleus to make ODVs. ODVs become embedded in a 

crystalline protein matrix, forming nuclear polyhedral occlusion bodies (OBs) (Rohrmann, 1986). 

Generally 7 to 10 days after infection the arthropod host dies from extensive cell lysis (Granados & 

Williams, 1986), and the larval cuticle is liquefied by viral proteins chitinase and cathepsin (Hawtin et al., 

1997), releasing the novel OBs into the environment. OBs contain hundreds of ODVs, are very resistant 

to environmental stresses including heat and UV light, and are responsible for the vertical transmission of 

infection between insects (Braunagel & Summers, 2007). OB formation requires the hyperexpression of 

very late proteins polyhedrin (29 kDa) and P10 (10 kDa) (Williams et al., 1989; Carstens et al., 1987). In 

insect cell culture at 48 hpi, polh (polyhedrin) and p10 transcripts comprise ~90% of viral mRNA (Salem 

et al., 2011), and polyhedrin and P10 account for ~50% of total protein (Smith et al., 1983c).  
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 Research and commercial application of baculoviruses 2.2

The natural roles of baculoviruses in the regulation of insect populations, their host tropism, and 

their inability to replicate in non-arthropod species, makes them ideal for use in controlling food and 

forest pest insects (Cory & Franklin, 2012; Black et al., 1997). Unlike chemical pesticides, baculoviruses 

do not have non-target detrimental environmental or health effects (McWilliam, 2007; OECD, 2006). 

Baculoviruses have been applied as insecticides in particular for the protection of soybean, corn, and rice 

crops in Brazil (Moscardi et al., 2011; Moscardi, 1999), cotton in China (Sun & Peng, 2007), and recently 

for cereal crops in sub-Saharan Africa (Grzywacz et al., 2014). Baculoviruses have also been used to 

manage outbreaks of forest defoliator pests in Canada (Moreau & Lucarotti, 2007). 

In addition to their hyperexpression abilities from strong very late viral promoters (Smith et al., 

1983c), baculovirus genomes can tolerate insertions of ~75 kb DNA (Carstens, 1987). Baculovirus hosts 

are invertebrates, so viral transcripts of foreign genes are translated with eukaryotic mechanisms of 

protein folding and post-translational modification (Shi & Jarvis, 2007). As well, polyhedrin protein is not 

essential for virus replication in cell culture (Smith et al., 1983a). These characteristics were exploited to 

develop baculovirus expression vectors (BEVs), initially by replacing part of the polyhedrin sequence 

with a foreign gene to be hyperexpressed by the polyhedrin promoter (Miller et al., 1983a; Smith et al., 

1983b). BEVs are now adapted for use in a wide range of research and commercial applications for 

recombinant protein expression (van Oers et al., 2014; Condreay & Kost, 2007; Kost et al., 2005).  

Baculoviruses cannot infect mammalian cells, but species with the GP64 envelope fusion protein 

can transduce mammalian cells (Kataoka et al., 2012), without instigating an immune response or viral 

DNA replication (Strauss et al., 2007; Hu & Bonning, 2006). These observations prompted the 

development of applications using baculoviruses as gene therapy vectors (Chen et al., 2011; Rychlowska 

et al., 2011), in stem cell and tissue engineering (Lin et al., 2010; Chuang et al., 2007), and as antibody 

expression systems (Cerutti & Golay, 2012). In addition, BEVs have been used to develop vaccines for 

veterinary or human applications (Cox, 2012; van Oers, 2006). Baculoviruses are commonly modified to 
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make recombinant viral subunits, such as the influenza surface glycoprotein hemagglutinin in FluBlok 

(Yang, 2013; Cox & Hashimoto, 2011), and to express virus-like particles that retain their native protein 

conformation, like the L1 envelope protein of human papillomavirus (HPV) types 16 and 18 in Cervarix 

(Deschuyteneer et al., 2010). Baculoviruses are also used to produce recombinant protein that is loaded ex 

vivo onto dendritic cells in the prostate cancer immunotherapy vaccine Provenge (Wesley et al., 2012). 

Baculoviruses therefore have tremendous potential as biological insecticides, and as protein 

expression vectors for research and medical applications. Advances in these technologies have been 

dependent upon an understanding of the baculovirus infectious cycle, although only the mechanism of 

infection and virion structures of AcMNPV and other baculoviruses are characterized in detail.  Further 

development of applications that involve recombinant protein expression requires a more thorough 

understanding of the transition between early and late transcription stages, as well as the mechanism and 

regulation of transcription and hyperexpression by the virus-encoded RNApol. 

 DNA-dependent RNA polymerase transcription 2.3

Transcription refers to the process by which cells synthesize nascent RNA from genomic DNA. 

The main stages of transcription are conserved in all organisms and during virus infection: promoter 

binding and preinitiation complex assembly, initiation, elongation, and termination. These events are 

carried out by a DNA-dependent RNApol that requires a divalent cation as a cofactor (often Mg
2+

) and 

various transcription factors (Decker & Hinton, 2013). There are two superfamilies of DNA-dependent 

RNApols. Monomeric RNApols of the ‘right-handed’ DNA and RNA polymerase superfamily are used to 

transcribe small genomes of mitochondria, chloroplasts, and bacteriophages, and many do not require 

additional transcription factors (Cermakian et al., 1997). Multisubunit RNApols comprise the other 

superfamily. Prokaryotes, archaea, eukaryotes, and nucleo-cytoplasmic large DNA viruses (NCLDVs) 

encode multisubunit RNApols that are used in combination with numerous transcription factors for highly 

regulated transcription (Iyer et al., 2003). Bacterial RNApols have five major subunits (β’, β, α, α’, and ω) 

(Saecker et al., 2011). Eukaryotic RNApols contain 10 to 12 major components (Rpb1 to Rpb12) of one 
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or more subunits, while RNApols of archaea have 13 orthologous subunits (Rpo1 to Rpo13) (Decker & 

Hinton, 2013). NCLDV RNApols are thought to be derived from eukaryotic RNApol II with orthologues 

to Rpb1, Rpb2, and Rpb5. Proteins with similarities to Rpb3, Rpb6, Rpb8, and Rpb10, are also commonly 

present (Iyer et al., 2006). TBP in combination with general transcription factors (GTFs) is essential for 

preinitation complex assembly of multisubunit RNApols of eukaryotes and archaea, whereas bacteria use 

a series of σ factors (Saecker et al., 2011; Kostrewa et al., 2009). NCLDV RNApols also use TBP or a 

virus-encoded TBP-like factor for preinitation complex assembly and transcription initiation (Iyer et al., 

2006). Structural and functional studies of multisubunit RNApols in preinitiation complexes have 

proposed that many aspects of promoter organization and core RNApol structure, as well as their 

interactions that lead to transcription initiation, are conserved in all domains of life (Decker & Hinton, 

2013; Sekine et al., 2012; Kostrewa et al., 2009). Consequently, multisubunit RNApols are considered to 

have a common function-related subunit organization, despite variations in the number and individual 

sequences of their subunits. 

 Spodoptera frugiperda RNA polymerases and transcription 2.4

Eukaryotes have three primary RNApols (RNApol I, II, III), with shared Rpb5, Rpb6, and Rpb8 

components (Vannini & Cramer, 2012; Woychik et al., 1990). Two specialized forms of RNApol II, 

RNApols IV and V, are also present in plants (Haag & Pikaard, 2011). RNApol II transcribes genes into 

mRNA that is translated into proteins (Vannini & Cramer, 2012). At minimum in vitro transcription with 

RNApol II in vertebrates and yeast requires the general transcription factors (GTFs) TFIIB, TFIID, 

TFIIE, TFIIF, and TFIIH, of one to fifteen subunits (Roeder, 1998). TFIID contains the universal 

eukaryotic transcription factor TBP and thirteen TBP-associated factors (TAFs) (Burley & Roeder, 1996). 

TFIIA is also required to regulate transcription of a subset of genes (Liu et al., 1999).  

While the essential in vitro or in vivo components of S. frugiperda transcription complexes have 

not been identified, S. frugiperda encodes three RNApols with distinct chromatographic profiles (Yang et 

al., 1991; Fuchs et al., 1983). All subunits of one RNApol, and three common subunits in the other 
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RNApols, were detected with antiserum directed against Drosophila melanogaster RNApol II, suggesting 

that they are homologues of RNApol I, II, and III (Yang et al., 1991). These results are supported by 

analyses of the inhibitory effects of α-amanitin (RNApol II) and tagetitoxin (RNApol III) on S. frugiperda 

transcription (Glocker et al., 1993; Huh & Weaver, 1990b). Genomic screening for conserved eukaryotic 

transcription factors in Bombyx mori, a representative species of the Lepidoptera, revealed that B. mori 

has genes with homology to 666 eukaryotic transcription factors, including 36 basal transcription factors 

of TAFs, TBP-related factors, and subunits of the GTFs (Huang et al., 2012; International Silkworm 

Genome Consortium, 2008). These results are supported by B. mori transcriptome analyses (Li et al., 

2012; Xue et al., 2012). Annotation of genes from expressed sequence tags and a recent draft genome 

assembly of S. frugiperda have identified sequences homologous to TAFs and other subunits of GTFs, 

initiation or elongation transcription factors, and subunits of the eukaryotic RNApols (Kakumani et al., 

2014; Salem et al., 2011). S. frugiperda also encodes a TBP (Rasmussen & Rohrmann, 1994). 

 Effects of baculovirus infection on host cells 2.4.1

Like many large DNA viruses, baculoviruses encode multiple proteins that are involved in 

altering the physiology of the infected host. Efficient and successful viral replication requires the 

manipulation of multiple cellular regulatory and metabolic pathways, as well as cellular proteins involved 

in DNA replication, transcription, and translation. Baculoviruses induce cell cycle arrest and apoptosis 

(Clem, 2005), oxidative stress (Wang et al., 2001), the DNA damage response (Huang et al., 2011), the 

heat shock response (Breitenbach & Popham, 2013; Lyupina et al., 2010), and the ubiquitin-proteasome 

pathway (Lyupina et al., 2013), while circumventing the host immune response (Rivkin et al., 2006). 

During AcMNPV infection of S. frugiperda cells most host genes are downregulated by 12 hpi (Carinhas 

et al., 2011; Salem et al., 2011; Nobiron et al., 2003; Ooi & Miller, 1988; Knudson & Tinsley, 1978). 

Consequently, a global shutoff of host protein synthesis occurs around 18 hpi (Maruniak & Summers, 

1981; Carstens et al., 1979), which coincides with arrest between the late G2 and early M phases of the 

cell cycle (Braunagel et al., 1998).  
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The manner in which host transcription is downregulated is unknown, but it likely involves late 

baculovirus proteins, as host RNApol II is only used for the early stage of viral transcription (Grula et al., 

1981), and because the addition of aphidicolin, by blocking DNA replication and thus late transcription, 

stabilizes cellular RNA levels (Huh & Weaver, 1990a). One or more late viral proteins could act as a 

repressor of cellular promoters, as a competitor for transcription factors, or to prevent translation. 

Integration of a viral promoter into the host genome results in downregulation of its expression (Jarvis, 

1993), suggesting that the progressive marginalization of cellular chromatin and associated transcription 

factors to the nuclear membrane that occurs during infection contributes to the decrease in host 

transcription (Williams & Faulkner, 1997). Several host proteins have stable expression late in infection 

despite earlier mRNA degradation, including transcription-associated TBP (Quadt et al., 2002), as well as 

translation-associated ribosomal protein L15, initiation factors (eIF2A, eIF4E and eIF5A), and elongation 

factor eEF2 (van Oers et al., 2003; van Oers et al., 2001; van Oers et al., 1999). It is generally assumed 

that baculoviruses rely on the host translation machinery for protein synthesis, but whether degradation of 

the host translation-associated proteins is purposely delayed by the virus during infection remains unclear. 

 Baculovirus genome organization and expression 2.5

The 156 open reading frames (ORFs) of AcMNPV are positioned in both orientations on each 

strand of its dsDNA genome (Ayres et al., 1994). The 5’ and 3’ ends of adjacent genes often overlap (48 

of 156 ORFs), and their locations are not functionally or temporally organized (Chen et al., 2013; Friesen 

& Miller, 2001; Erlandson & Carstens, 1983). All sequenced baculoviruses have 37 core genes 

(Garavaglia et al., 2012). It is thought that many genes were horizontally transferred from their eukaryotic 

hosts, prokaryotes, and other viruses, as a result of high frequency recombination during viral DNA 

replication and transposable element modifications (Gilbert et al., 2014; Harrison, 2009; Iyer et al., 2006; 

Hughes & Friedman, 2003). A variable number of palindromic A+T-rich homologous repeat (hr) regions 

are interspersed in almost all baculovirus genomes (Hefferon & Miller, 2002; Cochran & Faulkner, 1983). 

AcMNPV has eight hr regions that comprise 3 to 4% of genomic DNA (Ayres et al., 1994).  
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Baculovirus transcription can be divided into early (immediate early and delayed early) and late 

(late and very late) stages, which are separated by viral DNA replication. These molecular events occur in 

a strict temporal cascade, and viral gene expression is primarily regulated at transcription initiation 

(Mukherjee et al., 1995b; Huh & Weaver, 1990a; Kelly, 1982). Baculovirus genes are functionally 

monocistronic, and adjacent genes transcribed in the same direction often have coterminal 3’ ends, 

although transcripts with common 5’ ends and different termination sites have also been detected (Chen et 

al., 2013; van Oers & Vlak, 2007). For many years ie-1 was thought to be the only spliced transcript, but 

a global transcriptome analysis of AcMNPV-infected Trichoplusia ni cells recently identified additional 

splice sites in eight viral genes (Chen et al., 2013). In addition, 50 AcMNPV genes express significant 

numbers of antisense RNA transcripts during infection (Chen et al., 2013), possibly as a method to self-

regulate transcription (Pelechano & Steinmetz, 2013). Viral and host proteins are involved in the 

regulation of specific stages of baculovirus transcription (Kogan & Blissard, 1994; Glocker et al., 1993). 

 Baculovirus transcription and DNA replication 2.6

 Immediate early and delayed early transcription 2.6.1

AcMNPV immediate early and delayed early genes are transcribed by the host α-amanitin-

sensitive RNApol II (Huh & Weaver, 1990b). Immediate and delayed early genes encode proteins that 

regulate viral transcription and/or are required for viral DNA replication and late gene transcription, as 

well as proteins that manipulate the host cell cycle and regulatory pathways to ensure that host 

transcription and biosynthetic complexes can be used by the virus (van Oers & Vlak, 2007; Hoopes & 

Rohrmann, 1991). Post-transcriptional processing is likely done by the host cell, as early baculovirus 

mRNAs have 5’ 7-methylguanosine caps and 3’ polyadenylation (Qin et al., 1989). 

Promoters contain one or more specific conserved sequences that are essential for the recruitment, 

positioning, and DNA binding of the RNApol, as well as for transcription initiation. Promoters of 

immediate early and delayed early baculovirus genes include elements common to eukaryotic promoters 

recognized by RNApol II, which facilitate the rapid initiation of transcription. These elements include the 
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TATA box and/or initiator (INR) motifs (Kogan et al., 1995; Cherbas & Cherbas, 1993). The TATA box 

(TATAWAWR) of baculovirus promoters is usually 20 to 40 bp upstream of the transcription start site 

(TSS), and the INR resembles other arthropod INR motifs (ATCAKTY; usually ATCAGTC) (Pullen & 

Friesen, 1995; Blissard et al., 1992). In TATA-less promoters, the INR affects the position of the TSS as 

well as the rate of transcription (Pullen & Friesen, 1995; Blissard et al., 1992). The unconventional 

promoter consensus sequence 5’-CGTGC-3’ also comprises a TSS, which is targeted by baculovirus 

immediate early transactivator proteins (Ohresser et al., 1994; Lu & Carstens, 1993). A downstream 

activation region (DAR) (WCACNG) is often located within the 5’ untranslated region (UTR) (Kogan et 

al., 1995). DAR elements are thought to stabilize interactions of preinitiation complex proteins. cis-acting 

upstream activation region elements >100 bp from the TSS have also been identified that potentiate basal 

expression from early viral promoters. These include the CGT motif (AWCGTK) and the GC motif, 

which appear to cooperatively bind transcription factors (Rodems & Friesen, 1995; Kogan & Blissard, 

1994; Dickson & Friesen, 1991), and the GATA element (Krappa et al., 1992). 

The immediate early and delayed early phases of transcription occur between 0 to 3 hpi and 3 to 6 

hpi respectively for AcMNPV infection of S. frugiperda cells (Friesen & Miller, 1986). Transcription of 

immediate early genes begins after entry of viral DNA into the host cell nucleus (Hoopes & Rohrmann, 

1991; Huh & Weaver, 1990a). It has been suggested that viral proteins and late viral mRNAs may 

become occluded in ODVs, or trapped within BVs, and that their release upon infection assists early viral 

transcription (Chen et al., 2013; Wang et al., 2010; Braunagel et al., 2003). However, purified baculovirus 

DNA is sufficient to instigate infection in cell culture (Carstens et al., 1980). After nuclear localization of 

the viral genome, RNApol II is directed to transcribe immediate early genes. ie-0 and ie-1 transcripts are 

detected by 15 minutes after infection (Chisholm & Henner, 1988). The immediate early proteins include 

IE-0, IE-1, IE-2 and PE-38, which bind to enhancers to transactivate expression of delayed early viral 

genes (Yoo & Guarino, 1994; Lu & Carstens, 1993; Chisholm & Henner, 1988; Guarino & Summers, 

1986). The use of viral transactivators to enhance gene expression is typical for nuclear-replicating DNA 



 

 

 

13 

viruses. hr regions also function as in vitro transcription enhancers of cis-linked delayed early genes (Lu 

& Miller, 1995b; Kool et al., 1993). IE-1 binds as a dimer to hr regions, which are enriched in IE-1 

binding motifs, and this association assists IE-1 transactivation activity (Rodems et al., 1997; Rodems & 

Friesen, 1995). hr regions are enriched in conserved cAMP response element (CRE) and TPA response 

element (TRE) sequences. These conserved elements are bound by bZIP family cellular transcription 

factors. Reporter assays indicate that CRE sites have an in cis stimulatory effect on RNApol II-mediated 

transcription, which augments the stimulatory effect of IE-1 binding to hrs (Landais et al., 2006). Early 

viral transcription declines after viral DNA replication and the initiation of late gene expression. 

 Late expression factors for DNA replication and late transcription 2.6.2

Genetic and functional assays have been used to identify the late expression factor (lef) genes that 

are required for baculovirus DNA replication as well as late and very late gene expression (Table 1). 

Transient expression assays identified 20 AcMNPV lefs: ie-0, ie-1, ie-2, lef-1, lef-2, lef-3, lef-4, lef-5,  

lef-6, lef-7, lef-8, lef-9, lef-10, lef-11, lef-12, dnapol, p35, p47, p143, and 39K/PP31 (Lu & Miller, 1995b; 

Todd et al., 1995; Morris et al., 1994; Passarelli et al., 1994; Li et al., 1993; Passarelli & Miller, 1993b, a, 

c). Exclusion of any lef gene reduced steady-state levels of reporter transcripts during transient expression 

assays, suggesting that the LEF proteins are involved in regulating DNA replication and/or transcription 

(Lu & Miller, 1995b). Subsequent studies identified two other lefs: hcf-1 and vlf-1. HCF-1 is a host factor 

determinant required for late gene expression during AcMNPV infection of T. ni TN-368 cells, but not S. 

frugiperda cells (Lu & Miller, 1996, 1995a). VLF-1, identified by marker rescue of temperature sensitive 

mutant tsB837, is required for very late hyperexpression (Todd et al., 1996; McLachlin & Miller, 1994). 

Additional studies used transient DNA replication assays to identify the lefs that are essential for 

DNA replication: lef-1, lef-2, lef-3, p143, dnapol, and ie-1 (Lu & Miller, 1995b; Kool et al., 1994). Four 

lefs had auxiliary stimulatory roles: ie-2, lef-7, pe38, and p35. Accordingly, deletion mutants of ie-2, lef-7, 

and p35 in BmNPV were viable, but had decreased viral DNA synthesis (Gomi et al., 1997). The role of 

each of these auxiliary lefs in viral DNA replication is dependent on the virus and host combination, as 
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Table 1. The Late Expression Factors (LEFs) and their functions during baculovirus infection 
Associated role Protein MW (kDa) Identified Function(s) During Infection (in addition to their requirement for late gene expression)* 

early transcription 

IE-0 72 
Transactivator of IE, DE, and VL genes (Huijskens et al., 2004) 

Supports plasmid DNA replication in place of IE-1 (Luria et al., 2012) 

IE-1 66.9 
Transactivator of IE, DE, and VL genes (Choi & Guarino, 1995b; Lu & Carstens, 1993; Guarino & Summers, 1987) 
Negative regulator of IE and DE genes (Leisy et al., 1997; Kovacs et al., 1991)  

Implicated as origin binding protein for DNA replication (Nagamine et al., 2006) 

IE-2 47.0 

Transactivator of early and late genes (Shippam-Brett et al., 2001; Yoo & Guarino, 1994) 

Host range factor; required for plasmid DNA replication in Sf21 cells but not TN-368 cells (Lu & Miller, 1995a) 
Possibly involved in cell cycle regulation (Prikhod'ko & Miller, 1998) 

DNA replication 

(essential) 

LEF-1 30.8 DNA primase (Mikhailov & Rohrmann, 2002); Transcription factor of late and very late genes (Passarelli & Miller, 1993a) 

LEF-2 23.9 
Essential for DNA amplification (Wu et al., 2010) and interacts with LEF-1 (Evans et al., 1997) 

Transcription factor of very late genes (Merrington et al., 1996) 

LEF-3 44.5 
Single-stranded DNA binding protein (Hang et al., 1995); P143 nuclear localization (Chen & Carstens, 2005; 

Wu & Carstens, 1998); Possible regulator of alkaline nuclease (Mikhailov et al., 2004, 2003) 
section 

2.6.3.1 

P143 143.2 
ssDNA-dependent helicase and ATPase (McDougal & Guarino, 2000; Liu & Carstens, 1999); ts8 abolishes 

DNA replication (Erlandson et al., 1984); Host range determinant (Hamajima et al., 2013; Croizier et al., 1994) 
section 

2.6.3.2 

DNAPOL 114.3 DNA polymerase (Hang & Guarino, 1999; Tomalski et al., 1988) 

LEF-11 13.1 
Essential in in vivo DNA replication (Lin & Blissard, 2002b); Involved in L and VL gene regulation (Lin et al., 2001) 

Amplification factor for viral DNA replication (Zhang et al., 2014) 

DNA replication 

(auxiliary 
stimulation) 

LEF-7 26.6 
Stimulates baculovirus genome homologous recombination (Crouch & Passarelli, 2002)  

Suppresses γ-H2AX during DNA damage response (Mitchell et al., 2013) 

PE-38 38.0 
Transactivator of early transcription (Wu et al., 1993; Krappa & Knebel-Mörsdorf, 1991)  

Augments apoptosis (with IE-1) (Prikhod'ko & Miller, 1999); Activator of DNA replication (Milks et al., 2003) 

apoptosis  P35 35.0 Inhibits cellular caspases; mitigates host eIF2a phosphorylation  (Aparna et al., 2003; Clem & Miller, 1994) 

host range  HCF-1 34.4 Required for AcMNPV DNA replication in TN-368 but not Sf21 cell culture (Lu & Miller, 1996, 1995a) 

RNA polymerase 

(essential in vitro) 
(Guarino et al., 

1998b) 

LEF-4 53.9 
RNA capping (Gross & Shuman, 1998b; Guarino et al., 1998a; Jin et al., 1998);  
ts538 abolishes late transcription (Carstens et al., 1994) 

section 

2.7 
LEF-8 101.8 Possible catalytic subunit (Passarelli et al., 1994); ts42 alters late TSSs (Gauthier et al., 2012) 

LEF-9 59.3 Possible catalytic subunit (Lu & Miller, 1994); Motif mutation prevents transcription (Crouch et al., 2007) 

P47 47.5 Undetermined;  ts317 abolishes late transcription (Carstens et al., 1994) 

late transcription 

LEF-5 31.0 Initiation factor for late transcription (Su et al., 2011; Harwood et al., 1998) 

LEF-10 8.7 Possible DNA replication and transcription regulator (Yu et al., 2013) 

39K/ 

PP31 
31.3 

Increases early and late gene transcription efficiency (Yamagishi et al., 2007; Guarino et al., 2002c) 

Involved in formation of virogenic stroma, region of viral DNA replication and late transcription (Nagamine et al., 2011)  

LEF-6 20.4 
Stimulates late and very late transcription (Lin & Blissard, 2002a; Passarelli & Miller, 1994)  

Possibly related to mRNA export factor TAP (Lin & Blissard, 2002a) 

LEF-12 21.1 Undetermined; Virus titres ~5-fold lower after infection without knockout bacmid (Guarino et al., 2002b) 

VL transcription VLF-1 44.4 Binds burst sequence of very late genes and stimulates transcription (Yang & Miller, 1999, 1998) 

*Transcription Stages: IE = immediate early; DE = delayed early; L = late; VL = very late 
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well as whether infection occurs in cell culture or in an insect host (Milks et al., 2003; Prikhod'ko et al., 

1999; Chen & Thiem, 1997; Lu & Miller, 1995a). Subsequent characterization of a lef-11 AcMNPV 

knockout bacmid showed that lef-11 is essential for viral DNA replication during infection (Lin & 

Blissard, 2002b). Ten lefs (lef-4, lef-5, lef-6, lef-8, lef-9, lef-10, lef-12, p47, pp31/39K, and vlf-1) were 

predicted to have specific roles in transcription, transcript processing, or in maintaining mRNA stability. 

Bacmid-based studies have been extremely beneficial in determining their functions.  

Genetic approaches to identify late expression factors involved the isolation and characterization 

of a number of conditionally lethal temperature sensitive (ts) mutants of baculoviruses that have defects in 

budded virus or polyhedrin production at the non-permissive temperature of 33°C. Six of these mutant 

alleles were in lefs identified by transient expression assays: ie-1 (Ribeiro et al., 1994; Miller et al., 

1983b), lef-4 (Carstens et al., 1994; Partington et al., 1990), lef-8 (Gauthier et al., 2012; Shikata et al., 

1998), p47 (Carstens et al., 1993; Partington et al., 1990), p143 (Lu & Carstens, 1991; Gordon & 

Carstens, 1984), and vlf-1 (McLachlin & Miller, 1994). 

 Viral DNA replication 2.6.3

Newly synthesized baculovirus DNA is first detected in cell culture between 6 and 8 hpi, but 

maximal levels are observed between 16 and 18 hpi, and DNA replication continues until ~24 hpi (Tjia et 

al., 1979). Baculovirus DNA replication may use a combination of origin-dependent and recombination-

dependent mechanisms (Carstens, 2009). hr regions may act as origins of genome replication because 

they act as origins of plasmid replication in in vitro DNA replication assays when cotransfected with viral 

DNA, in a manner directly proportional to the number of hrs (Kool et al., 1994; Pearson et al., 1992). 

Many short-lived intermediate DNA fragments are formed during baculovirus DNA replication, of 1 to 2 

kb, or even up to 5 kb, which are longer than the 80 to 200 bp Okazaki fragments of uninfected S. 

frugiperda cells (Mikhailov & Rohrmann, 2009). Baculovirus DNA replication induces high rates of 

recombination (Kamita et al., 2003), and the intermediate fragments can assemble to form the complete 

genome (Mikhailov & Rohrmann, 2009). It is possible that these DNA fragments mimic dsDNA breaks. 
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Homologous recombination could be mediated by the host cellular DNA damage response, since its 

activation is essential for successful viral DNA replication and virion production (Huang et al., 2011). 

The six LEFs that were identified by transient expression and DNA replication assays to be 

essential for viral DNA replication have conserved domains or homologies to proteins involved in DNA 

synthesis, or have been associated with a specific function from their enzymatic activities and/or ts mutant 

phenotypes. Their demonstrated activities provide most of the conserved functions required for the 

initiation of DNA synthesis. These virus proteins include an origin binding protein (IE-1), single-stranded 

DNA binding protein (LEF-3), helicase (P143), primase (LEF-1), primase accessory factor (LEF-2), and 

DNA polymerase (DNAPOL) (Carstens, 2009). As mentioned, bacmid studies have recognized that a 

seventh LEF, LEF-11, is required for the amplification of DNA synthesis during baculovirus infection 

(Zhang et al., 2014; Lin & Blissard, 2002b). 

 Late Expression Factor 3 (LEF-3) 2.6.3.1

AcMNPV LEF-3 is a delayed early 44.5 kDa protein of 385 aa. Its requirement for viral DNA 

synthesis has also been demonstrated by studies of a lef-3 knockout bacmid (Yu & Carstens, 2012, 2010). 

LEF-3 contains a NLS sequence (aa28-32) (Au et al., 2009) and localizes to the nuclei of infected cells by 

6 hpi (Nagamine et al., 2006; Okano et al., 1999). LEF-3 binds to viral chromatin in vivo, according to 

chromatin immunoprecipitation (ChIP) assays (Ito et al., 2004). LEF-3 has activities and domains 

associated with single-stranded DNA binding (SSB) proteins (Mikhailov et al., 2006). Most SSB proteins 

are involved in and direct the transitions between DNA replication, repair, and recombination (Shereda et 

al., 2008). SSB proteins have an oligonucleotide/oligosaccharide/oligopeptide binding fold domain, 

which dictates their structure, protein-nucleic acid binding surfaces, and the polarity of nucleic acid 

binding (Flynn & Zou, 2010; Murzin, 1993). This domain consists of ~70-150 aa regions organized into β 

barrels (Murzin, 1993), and it is likely used by LEF-3 for SSB protein oligomerization as well as ssDNA 

binding (Downie et al., 2013). LEF-3 is predicted to bind DNA via two motifs (aa39-104 and aa183-265), 

which also bind DNA in eukaryotic and prokaryotic SSB proteins (Okano et al., 2006; Mikhailov et al., 
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2005). LEF-3 binds to ssDNA in a sequence non-specific manner (Hang et al., 1995), and promotes 

annealing of complementary strands (Mikhailov et al., 2005). LEF-3 also binds to partial DNA duplexes 

and promotes 5’ to 3’ ATP and Mg
2+

-independent DNA unwinding (Mikhailov, 2000). Baculovirus 

infection induces oxidative stress (Wang et al., 2001). The redox state and protein:DNA ratio regulate the 

DNA-binding, annealing, and unwinding activities of LEF-3 (Mikhailov et al., 2005).  

Many SSB proteins form tetramers. Oligomerization is thought to stimulate SSB protein DNA 

annealing because of the increase in proximal DNA binding motifs (Flynn & Zou, 2010). in vitro assays 

demonstrated that homotetrameric E. coli SSB protein can substitute for the DNA replication activities of 

LEF-3, which may indicate that LEF-3 has a similar structure (McDougal & Guarino, 1999). LEF-3 is 

labile under many chemical and physical conditions (Mikhailov et al., 2006, 2005), which suggests that 

its self-association is dynamic. Accordingly, studies have detected the presence of trimer, tetramer, and 

higher-order LEF-3 oligomers, depending on the assay conditions (Mikhailov et al., 2008; Evans & 

Rohrmann, 1997). Studies of LEF-3 proteolysis and self-association suggest that multiple regions are 

involved in its oligomerization (Downie et al., 2013; Au et al., 2009; Mikhailov et al., 2006).  

In addition to its role as an essential component of the viral DNA replisome (Yu & Carstens, 

2010), LEF-3 may mediate DNA recombination and repair events in association with viral alkaline 

nuclease (Okano et al., 2007; Mikhailov et al., 2003). P143 interaction with LEF-3 has been suggested by 

their coelution from chromatography columns (Evans et al., 1999; Laufs et al., 1997), coprecipitation and 

yeast-two-hybrid assays (Hefferon & Miller, 2002; Evans et al., 1999), and ChIP assays (Ito et al., 2004). 

Indirect immunofluorescence assays have demonstrated that interaction with LEF-3 is sufficient for the 

nuclear localization of P143 (Chen & Carstens, 2005; Wu & Carstens, 1998).  

 Late Expression Factor P143 2.6.3.2

AcMNPV P143 is a 143 kDa protein of 1221 aa (Lu & Carstens, 1992). Like LEF-3, P143 is 

required for viral DNA replication in transient replication and bacmid studies (Yu & Carstens, 2012; Lu 

& Carstens, 1991). Transient expression assays have also demonstrated that P143 is a determinant of 
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virus host range (Bideshi & Federici, 2000; Croizier et al., 1994; Majima et al., 1993). Specifically, 

AcMNPV P143 induces the cleavage and degradation of rRNA in nonpermissive B. mori cells, and it 

independently elicits an apoptotic response via activation of caspase-3-like proteases (Hamajima et al., 

2013). Despite the presence of two putative NLS sequences, P143 localizes to the cytoplasm in the 

absence of other viral proteins (Liu & Carstens, 1999; Laufs et al., 1997).  

P143 was originally identified through genetic mapping of ts mutant ts8 (Met934Val). At the 

non-permissive temperature, ts8 is defective in DNA replication, late and very late protein synthesis, and 

host protein synthesis does not shut off (Lu & Carstens, 1991; Gordon & Carstens, 1984). P143 has seven 

conserved helicase motifs (I, Ia, II to VI) in its C-terminal region (Lu & Carstens, 1991). Studies on the 

effects of point mutations in the helicase motifs demonstrated that mutations in motifs I, Ia, II, and III 

prevented transient DNA replication (Liu & Carstens, 1999). These observations, and the conservation of 

other sequence motifs, classified P143 as a member of helicase superfamily 3 (SF3) (Chen et al., 2004; 

Heldens et al., 1997; Koonin, 1993). SF3 comprises homohexamer helicases of small RNA and DNA 

viruses, as well as some NCLDVs (Hickman & Dyda, 2005). 

Helicases use the energy provided by NTP hydrolysis (most commonly ATP) to translocate 

directionally along and unwind DNA or RNA by disrupting hydrogen bonds between nucleotides. As 

nucleic acid is their substrate, they have roles in transcription, as well as DNA replication, repair, and 

recombination (Singleton et al., 2007). ChIP assays indicated that essentially all P143 is associated with 

viral chromatin at 18 hpi (Ito et al., 2004). P143 binds dsDNA and ssDNA in a sequence non-specific 

manner, and has ATPase and DNA unwinding activities in in vitro assays, consistent with the activities of 

other replicative helicases (McDougal & Guarino, 2001, 2000; Laufs et al., 1997). P143 ATP-specific 

activity was stimulated four-fold in the presence of ssDNA (McDougal & Guarino, 2000). Both ATP and 

Mg
2+

 regulate the association of P143 with ssDNA or dsDNA (McDougal & Guarino, 2001, 2000). Like 

other SF3 helicases, P143 may use a strand exclusion mechanism for DNA unwinding, in which the 

helicase encircles DNA and translocates 3’ to 5’, excluding the 5’ complementary strand (Lee et al., 2014; 
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Patel et al., 2011). SF3 helicase hexameric ring formation is dependent on the presence of ATP and Mg
2+

, 

because interactions between all six subunit interfaces are responsible for ATP binding and hydrolysis 

(Enemark & Joshua-Tor, 2006; Hickman & Dyda, 2005). 

 Requirement of viral DNA replication for late and very late transcription 2.6.4

Baculovirus late and very late gene transcription are dependent upon successful viral DNA 

replication. This dependence was established with studies of baculovirus DNA synthesis after application 

of inhibitors like cytosine arabinoside (Dobos & Cochran, 1980) or aphidicolin (Rice & Miller, 1986), 

analysis of mRNA synthesis in the presence of the protein synthesis inhibitor cycloheximide (Huh & 

Weaver, 1990a), and by studying LEF ts mutants (see section 2.6.2). It is not uncommon for viruses to 

couple the transition between early and late transcription with DNA replication. For example, 

intermediate and late transcription do not occur during vaccinia virus infection if DNA replication is 

inhibited, because viral DNA free of cellular and viral proteins is required as a transcription template 

(Keck et al., 1990). The use of newly synthesized viral DNA as a template for baculovirus late 

transcription is supported by methods successfully used for in vitro transcription assays with the viral 

RNApol (see section 2.7). Those in vitro transcription assays do not require viral DNA replication, and 

nicked or non-protein-coated DNA can serve as a transcription template (Funk et al., 1998).  

Notwithstanding the hyperexpression of very late genes, the accumulation of polyhedrin and P10 

very late in infection requires that transcription simultaneously occurs from multiple templates. Over 

80,000 viral genomes are produced in a single AcMNPV-infected S. frugiperda cell (Rosinski et al., 

2002). ~70% of this viral DNA is sensitive to DNAse digestion (Vanarsdall et al., 2006), suggesting that 

the majority of newly synthesized DNA remains uncoated by proteins and is not packaged into virions. 

The unpackaged viral DNA attains a branched structure, and can be used as a template for transcription 

(Okano et al., 2006). Viral DNA replication and late transcription are thought to occur in the same region 

of the nucleus, referred to as the ‘virogenic stroma’ (Mainz et al., 2014; Young et al., 1993). This 

colocalization of viral replication and transcription events may indicate that LEFs with roles in DNA 
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replication are also involved in late transcription. Late transcription could be dependent on protein-protein 

and/or protein-DNA interactions that occur as a result of viral DNA replication events. 

 Late and very late transcription 2.6.5

During AcMNPV infection of S. frugiperda cells, late gene expression occurs between 6 to 24 

hpi, while very late gene expression commences after 18 hpi through 72 hpi (Friesen & Miller, 1986). 

Genes expressed in the late phase usually encode structural proteins required for nucleocapsid and BV 

assembly. Very late genes express proteins for nucleocapsid occlusion in OBs and host disintegration 

(van Oers & Vlak, 2007). Late and very late promoters do not have the shared sequence elements of host 

and early baculovirus promoters. Instead, they have a compact TAAG motif (Chen et al., 2013). This 

consensus motif is usually immediately preceded and followed by A/G/T, although C is sometimes 

present (Chen et al., 2013; Xing et al., 2005). This motif is present in multiple copies upstream of some 

late genes (Thiem & Miller, 1989), but transcription preferentially initiates from a single TAAG TSS 

(Chen et al., 2013; Garrity et al., 1997). Some baculovirus genes (21 in AcMNPV) are transcribed both 

early and late in infection. Their promoter regions contain separate host-like early promoter elements and 

the TAAG motif, or combine both elements (e.g. TATAAG) (Chen et al., 2013; Guarino & Smith, 1992).  

While TAAG is the only identified essential element in late promoters, upstream and downstream 

cis-acting sequences also regulate gene expression. Functional analyses of mutations and deletions in late 

promoter sequences have shown that the A+T content in a 12 to 24 bp region around a particular TAAG 

motif is important in its ability to act as a TSS (Mans & Knebel-Mörsdorf, 1998; Morris & Miller, 1994; 

Rankin et al., 1988). Indeed, the A+T content of the 5’UTR of late promoters is high (65%) compared to 

equivalent eukaryotic sequences, or even baculovirus transcripts from immediate early and delayed early 

non-TAAG TSSs (58%) (Chen et al., 2013; Garrity et al., 1997; Morris & Miller, 1994). It has been 

proposed that these A+T-rich regions may temporally modulate late transcription (Lin & Blissard, 

2002b). Many late baculovirus transcripts are polycistronic, so upstream ORFs may regulate the 

transcription of downstream ORFs (Lu & Miller, 1997).  
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The very late p10 and polh promoters have a shared initiator sequence in many baculoviruses that 

encompasses the TAAG element: 5’-AATAAATAAGTATT-3’ (Morris & Miller, 1994; Glocker et al., 

1993; Ooi et al., 1989; Rankin et al., 1988; Rohrmann, 1986). Host polyhedrin promoter binding protein 

(PPBP) specifically binds to the AATAAA motif, and this activity is required for in vivo transcription 

initiation from very late promoters (Chen et al., 2013; Ghosh et al., 1998; Westwood et al., 1993). 

Hyperexpression from polh and p10 promoters requires binding of VLF-1 to an additional downstream 

A+T-rich region within the 5’ UTR, which does not have a conserved sequence or position (Morris & 

Miller, 1994; Qin et al., 1989). Studies of sequences upstream of the polh promoter have reported the 

presence of cis-acting promoter elements. Host heat shock, Oct, and Sp family transcription factors bind 

to those elements and regulate polh transcription in transient expression assays (Kumar et al., 2009; 

Rasheedi et al., 2007; Ramachandran et al., 2001).  

 Baculovirus RNA polymerase  2.7

Evidence for the presence of a baculovirus-encoded DNA-directed RNApol came from studies of 

the effects of inhibitors of eukaryotic RNApols (α-amanitin and tagetitoxin), protein synthesis 

(cycloheximide), and DNA synthesis (aphidicolin), during baculovirus infection (Glocker et al., 1992; 

Huh & Weaver, 1990b; Friesen & Miller, 1986; Fuchs et al., 1983; Grula et al., 1981), chromatographic 

separation and analyses of fractions with infection-induced RNApol transcription activity (Beniya et al., 

1996; Xu et al., 1995; Yang et al., 1991), observations of differences in RNApol Mg
2+ 

requirements 

(Guarino et al., 1998b; Xu et al., 1995; Xue & Horvitz, 1995; Glocker et al., 1993), and from parallel 

studies of the promoter regions of late and very late expression classes of baculovirus genes (see previous 

section). The use of both cellular RNApol II and a virus-encoded infection-induced α-amanitin-resistant 

RNApol for transcription makes baculoviruses unique from other nuclear-replicating DNA viruses, which 

typically use the α-amanitin-sensitive host RNApol II for all stages of transcription. NCLDVs of the 

Poxviridae, Iridoviridae, Phycodnaviridae, and Asfarviridae families encode their own DNA-dependent 

RNApols, which have a similar size and number of subunits as eukaryotic RNApols. In contrast to 
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baculoviruses, NCLDVs replicate in the cytoplasm and do not have immediate access to nuclear-localized 

host cell transcriptional machinery (Iyer et al., 2006). It is generally thought that use of a baculovirus-

encoded RNApol and viral promoter motif evades the currently unknown mechanism used to 

downregulate host mRNA and protein synthesis after viral DNA replication. This alternative late stage 

transcription approach optimizes expression of late genes to make BVs as well as very late 

hyperexpression for OB production. 

Guarino and colleagues (1998b) isolated an ~560 kDa α-amanitin-resistant RNApol complex 

from baculovirus-infected cells that was composed of four viral proteins: LEF-4, LEF-8, LEF-9, and P47. 

These proteins were identified by a combination of amino-terminal sequencing, peptide fingerprinting, 

and SDS-PAGE and immunoblotting with protein-specific antibodies. in vitro run-off transcription assays 

confirmed that the four subunit RNApol, hereafter referred to as the core RNApol, is able to carry out 

transcription initiation and elongation from late and very late promoters, but not early promoters. These 

four LEFs were previously identified to be required for late and very late gene expression in transient 

expression assays, and by characterization of ts mutant viruses (see section 2.6.2). Homologs of LEF-4, 

LEF-8, LEF-9, and P47 are encoded by all baculoviruses that have been sequenced. These proteins are the 

most conserved LEFs with ~62% sequence similarity (compared to ~46% for the other LEFs) (Berretta et 

al., 2006; Berretta & Passarelli, 2006). A comparison of Coomassie blue staining of the column-purified 

fractions on SDS-PAGE gels, relative to protein markers, indicated that the four proteins were present in 

equimolar amounts. Based on this stoichiometry, and the molecular weights of the four proteins, it was 

predicted that the core baculovirus RNApol contains two copies of each subunit (Guarino et al., 1998b). 

 Late Expression Factor 4 (LEF-4) 2.7.1

AcMNPV LEF-4 is a 54 kDa protein of 464 aa. RNA interference studies and characterization of 

a lef-4 knockout bacmid confirmed that lef-4 is essential for late and very late gene expression, as well as 

BV production (Knebel-Morsdorf et al., 2006). It was recently found that lef-4 has many antisense RNA 

transcripts after 12 hpi through 48 hpi (Chen et al., 2013). LEF-4 is an unusually stable protein when 
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subjected to changes in pH, temperature, and solvent composition, yet circular dichroism studies showed 

that its secondary structure was significantly different in the presence and absence of metal ions or GTP 

(Rasheedi et al., 2009), suggestive of potential enzymatic function(s). LEF-4 has enzymatic domains and 

demonstrated activities associated with the post-transcriptional addition of 5’ 7-methylguanosine caps to 

nascent RNA transcripts. Specifically, LEF-4 has metal-dependent (Mg
2+

 or Mn
2+

) N-terminal RNA 

5’triphosphatase and ATPase activities, and C-terminal guanylyltransferase activity (Martins & Shuman, 

2001; Gross & Shuman, 1998b; Jin et al., 1998). These enzymatic activities were characterized in vitro 

with purified LEF-4 and are therefore independent of the other RNApol proteins. The guanylyltransferase 

activity of LEF-4 is essential for BV production (Knebel-Morsdorf et al., 2006), and a conserved tyrosine 

residue is required for this enzymatic activity (Sehrawat & Gopinathan, 2002; Gross & Shuman, 1998b). 

At the non-permissive temperature a triphosphatase region ts mutant, ts538 (Leu104Phe), has normal viral 

DNA replication but reduced late gene expression with no protein expression past 20 hpi, BV production, 

or very late gene expression (Partington et al., 1990). However, the enzymatic activities of ts538 are not 

significantly affected (Jin et al., 1998), which may indicate that an essential protein or DNA interaction of 

LEF-4 is disrupted by the point mutation.  

Regarding the putative roles of LEF-4 in transcript processing, baculovirus transcript 5’ caps are 

thought to resemble their host transcript cap 1 structures (Jun-Chuan & Weaver, 1982). Formation of the 

5’ 7-methylguanosine cap may be mediated by viral and cellular proteins, as it requires the hydrolysis of 

the 5’ triphosphate to a diphosphate (RNA triphosphatase; provided by LEF-4) (Guarino et al., 1998a), 

addition of a guanine cap via GMP (guanylyltransferase; provided by LEF-4) (Gross & Shuman, 1998a), 

methylation of guanine-7 (N7-methyltranferase; host expression increases during infection) (Guarino, 

2007), and methylation of the ribose of the first nucleotide (2’-O-methyltransferase; provided by viral 

MTase) (Wu & Guarino, 2003). As with all 5’ caps, this structure likely maintains mRNA stability, 

targets the mRNA for nuclear export, and is recognized by translational machinery. The second 

methylation step may augment translation by promoting ribosome binding (Werner et al., 2011).  
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 Late Expression Factor 8 (LEF-8) 2.7.2

AcMNPV LEF-8 is an essential 102 kDa protein of 876 aa (Gomi et al., 1997). A small C-

terminal sequence in LEF-8 (aa721-733; GIKICGIHGQKGV) is conserved in the catalytic sites of 

prokaryotic (H domain of β) and eukaryotic (Rpb2) RNApols (Titterington et al., 2003; Passarelli et al., 

1994). Alanine substitution at conserved lysine residues (aa723 and aa731) of this motif in LEF-8 

abolished late gene expression in transient expression assays. Even the substitution of a similar amino 

acid like arginine in place of lysine (aa723) resulted in 10-fold reduced late gene expression (Titterington 

et al., 2003). These results were consistent with the effects of equivalent mutations in the E. coli RNApol 

β subunit (Mustaev et al., 1991). Many regions of LEF-8 are conserved between baculoviruses, despite no 

obvious homology with subunits of RNApols of other organisms or viruses, except for the catalytic motif 

(Gauthier et al., 2012). For that reason, lef-8 sequences have been used to identify and assess the 

evolutionary diversity of lepidopteran baculoviruses (Jehle et al., 2006).  

Two conditional lethal ts mutants of lef-8 have been characterized. BmNPV ts-S1 (Ala542Val; 

aa541 in AcMNPV) is defective for late and very late gene expression, BV and ODV production, and for 

host protein synthesis shutoff at the non-permissive temperature (Shikata et al., 1998). At the non-

permissive temperature AcMNPV ts42 (Leu521Ser) has normal viral DNA replication, a decrease in BV 

production, and is defective for very late gene transcription and ODV production. Steady-state levels and 

lengths of late transcripts vp39 (additional 300 nt) and orf82 (additional 20 nt) were also increased 

(Gauthier et al., 2012). The ts42 and ts-S1 phenotypes suggest that the mutated amino acids are involved 

in protein-protein or protein-DNA interactions that are essential for transcription (aa541) or involved in 

TSS positioning (aa521) of the baculovirus RNApol (Gauthier et al., 2012; Shikata et al., 1998). 

 Late Expression Factor 9 (LEF-9) 2.7.3

AcMNPV late expression factor 9 (LEF-9) is a 59 kDa protein of 516 aa. lef-9 is likely an 

essential gene because a deletion mutant in BmNPV could not be isolated (Gomi et al., 1997). Significant 

quantities of lef-9 antisense mRNA transcripts are present by 12 hpi through 48 hpi (Chen et al., 2013). 
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LEF-9 contains a seven amino acid motif (NTDCDGD or NRDCDGD except NADFDGD) that is similar 

to the conserved motif NADFDGD in the catalytic site of the largest subunits of prokaryotic (β’) and 

eukaryotic (Rpb1) RNApols (Lu & Miller, 1994). This motif coordinates the binding of Mg
2+

 ions in the 

active site of the RNApol, as well as the addition of the α-phosphate of the NTP onto the 3’OH end of a 

nascent RNA transcript (Cramer et al., 2001). The aspartic acid residues in these motifs are invariable and 

essential for transcription by multisubunit RNApols (Crouch et al., 2007; Zaychikov et al., 1996).  

 Late Expression Factor P47 (P47) 2.7.4

AcMNPV P47 is a 47 kDa protein of 401 aa. p47 is transcribed early in infection from a 5’-

CGTGC-3’ sequence in a 4.2 kb multicistronic mRNA that contains p47, nudix, lef-11, and 39K 

sequences (Lin et al., 2001; Carstens et al., 1993). Transcription of p47 also occurs early and late in 

infection from 5’-GTAAAAC-3’. At 12 hpi during AcMNPV infection of T. ni cells most p47 mRNA 

transcripts correspond to the full-length ORF, but 2.1% of transcripts are spliced (intron of 130 nt from nt 

77 to nt 207). Significant levels of antisense RNA transcripts of p47 have also been reported late in 

infection (Chen et al., 2013). While P47 has no established enzymatic activity, it is an essential gene in 

BmNPV (Gomi et al., 1997), and both in vitro transient expression assays and in vivo ts mutant studies 

have demonstrated that P47 is required for late and very late transcription (see section 2.6.2).  

P47 was originally identified through characterization of the ts mutant ts317 (Met131Val) 

(Carstens et al., 1993; Partington et al., 1990). ts317 has a very similar infection phenotype as LEF-4 

ts538 at the non-permissive temperature (see section 2.7.1). While its viral DNA synthesis is normal, 

ts317 is defective for very late gene transcription as well as BV and ODV production. Late proteins are 

synthesized, but they are not retained after 20 hpi (Carstens et al., 1994). The defect in very late protein 

synthesis is related to the downregulation of transcription, indicating that P47 is either directly involved 

in transcription, or is an accessory factor. P47 has a sequence of low homology in its C-terminal region to 

subunit α of prokaryotic RNApols (Rohrmann, 2013b). P47 was also reported to have several regions 

with homology to conserved domains in monomeric bacteriophage T7-like mitochondrial RNApols 
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(mtRNApols). Specifically, P47 has homology with N-terminal domain II, as well as the C-terminal 

polymerase specificity loop and flanking domains IX and X (Lapointe et al., 2000). 

 Other viral and cellular proteins implicated in late and very late transcription 2.7.5

Since the primary stages of transcription are conserved, the specificity of a RNApol for a 

particular promoter and gene at a specific stage of transcription is dictated by its transcription factors 

(Sekine et al., 2012). It was observed that the stability of the baculovirus RNApol increased between 

initiation and elongation, which may be in part attributed to changes in its associated transcription factors 

and alterations in how they associate with the viral RNApol (Funk et al., 1998). Before chromatography 

techniques were used to purify and identify the four subunit core RNApol, this approach was used to 

separate partially-purified nuclear extracts of baculovirus-infected cells. The chromatographic profiles of 

late (12 hpi) and very late (36 hpi) baculovirus-infected cell nuclear extracts were distinct, indicating they 

have different protein compositions. Accordingly, baculovirus late promoters were more efficiently 

transcribed by 12 hpi nuclear extracts, while very late promoters were more efficiently transcribed by the 

36 hpi extracts (Xu et al., 1995). Studies of partial purifications of the viral RNApol reported that eight 

proteins were present in transcriptionally-active fractions collected at 24 hpi (Yang et al., 1991), while 

nine proteins were detected in fractions collected between 24 and 30 hpi (Beniya et al., 1996). These 

otherwise uncharacterized proteins may be involved in in vivo late and/or very late transcription.  

Multiple viral and cellular proteins have been implicated in late and/or very late transcription by 

transient expression assays, transcription assays, copurification with core RNApol proteins in fractions 

with viral RNApol activity, characterization of ts mutants and/or knockout bacmids, and by conserved 

sequence motifs (Table 2). As previously mentioned, expression from very late promoters in vivo requires 

VLF-1 (McLachlin & Miller, 1994) and PPBP (Ghosh et al., 1998). Other proteins have established roles 

in earlier stages of infection, including the essential viral DNA replication proteins LEF-2, LEF-3 and 

P143 (Carstens, 2009). In addition, some of these proteins have homology to eukaryotic transcription 

factors, including TFIIF (P78/83) (Iorio et al., 1998) and TFIIS (LEF-5) (Harwood et al., 1998).
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Table 2. Viral and host proteins implicated in baculovirus late and/or very late gene expression 

Protein Stage* Identified Role or Implicated Role or Homology Related to Baculovirus Late and Very Late Transcription 

AC34 VL Activator protein for optimal transcription (Cai et al., 2012) 

AC43 VL Involved in expression of polyhedrin and OB assembly (Tao et al., 2013) 

DBP VL Directly binds to the polh promoter and is required for optimal transcription (Yu et al., 2012; Quadt et al., 2007) 

FP25K VL 
Required for efficient expression from polh but not p10 (Harrison et al., 1996) 

Involved in production of BVs and OBs as well as host disintegration (Katsuma et al., 2009; Katsuma et al., 1999) 

GTA VL 
Conserved structure with SNF2-like ATPase domain and helicase C-terminal domain (Katsuma et al., 2008) 
Deletion mutant did not have defects in BV or OB production, but death was delayed by 10 to 15 hours  (Katsuma et al., 2008) 

IE-1 L(?) + VL 
tsB821 studies suggest involvement in very late gene expression (Choi & Guarino, 1995b) 

Possibly phosphorylated; may regulate DNA binding and transcription (Choi & Guarino, 1995a) 

IE-2 L + VL VLD-1 mutant has normal DNA replication but delayed late and no very late gene expression (Prikhod'ko et al., 1999) 

LEF-2 L + VL 

Conserved C-terminal cysteine-rich domain with an invariant aspartate residue essential for very late gene expression in AcMNPV 

(Merrington et al., 1996) and BmNPV (Sriram & Gopinathan, 1998) 
Transcriptional enhancer of polyhedrin as part of the polh upstream promoter sequence (Wu et al., 2010) 

LEF-3 ? Possibly chaperones nuclear import of P47 viral RNApol subunit (Adetola, 2011) 

LEF-5 L + VL(?) 
Transcription initiation factor; Stimulates core viral RNApol activity 30-fold in in vitro assays (Guarino et al., 2002a) 
C-terminal region has ~51% homology with zinc finger domain of RNApol II elongation factor TFIIS (Harwood et al., 1998) 

Stimulates in vitro transcription activity in an additive manner with LEF-6 (Guarino et al., 2002a) 

LEF-6 L + VL(?) 
Transcription initiation factor; Stimulates viral RNApol activity in in vitro assays (Passarelli & Miller, 1994) 

Homology to 19 kDa vaccinia virus RNApol subunit C-terminus; knockout delayed late transcription (Lin & Blissard, 2002a) 

LEF-10 L + VL Deletion affects viral DNA replication as well as early and late virus transcription (Yu et al., 2013) 

PP31/39K L + VL(?) 
Phosphoprotein; Copurified with viral RNApol from nuclear fractions (Iorio et al., 1998; Guarino et al., 1992) 

Stimulatory role in early and late transcription (Yamagishi et al., 2007; Guarino et al., 2002c) 

P78/83 L(?) + VL(?) 
Phosphoprotein; copurified with viral RNApol from nuclear fractions (Iorio et al., 1998) 
Homology to RAP30 subunit of TFIIF (Iorio et al., 1998) 

P143 ? Isolated in fractions with RNApol activity (Iorio et al., 1998); helicase and ATPase like TFIIH (McDougal & Guarino, 2001, 2000) 

PK-1 L + VL 
Serine/threonine kinase (Fan et al., 1996); Involved in BV and OB production (Liang et al., 2013) 
Autophosphorylated PK-1 directly interacts with sequences surrounding the TSS of the polh promoter (Mishra & Das, 2007) 

Phosphorylates histone H1 (Reilly & Guarino, 1994) and LEF-8 (Mishra et al., 2008) 

PKIP L + VL 
Interacts with and stimulates the activity of PK-1 (Fan et al., 1998); tsB97 is defective for some late gene expression and all very late 

expression at the non-permissive temperature, similar to the PK-1 ts mutant phenotype (McLachlin et al., 1998; Fan et al., 1996) 

VLF-1 VL Binds to the burst sequence; Essential for very late hyperexpression (Mistretta & Guarino, 2005; Yang & Miller, 1999). 

PPBP** VL 
Phosphorylated form binds to AATAAA or ATTAAA of very late promoters (Hasnain et al., 1996; Mukherjee et al., 1995a) 
Essential for transcription and hyperexpression of very late promoters (Ghosh et al., 1998; Jain & Hasnain, 1996) 

hr1-BP** VL 38 kDa; Enhances transcription from polyhedrin promoter by binding to hr1 sequence (Habib et al., 1996) 

** VL 200 kDa; Binds sequences upstream  (-72 to -85 nt) of polyhedrin TSS; Negative regulator of transcription (Etkin et al., 1994) 

*Transcription Stages: L = late transcription; VL = very late transcription; ‘?’ indicates that involvement is undetermined; ** indicates a host cell protein
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 TATA binding protein and baculovirus RNA polymerase transcription 2.7.6

TBPs have a conserved ~180 aa symmetric repeat C-terminal region, and a divergent N-terminal 

region (Kim et al., 1993). The 8 bp consensus sequence of the TATA box is bound in the minor groove by 

the C-terminal region of TBP, which initiates melting of DNA at the TSS. The N-terminal domain of TBP 

modulates the interaction of its C-terminal domain with the TATA box, and promotes interaction of TBP 

with TFIID and other transcription factors (Lee & Struhl, 2001). TBP binds to the TATA box as a 

monomer, but also forms dimers via its C-terminal domain (Taggart & Pugh, 1996; Coleman et al., 1995).  

TBP or a TBP-like factor, in association with GTFs, TAFs, and other transcription factors, is 

required to recruit and position all multisubunit RNApols of eukaryotes, archaea, and NCLDVs at the 

promoter. TBP is essential for transcription initiation even in the absence of a TATA box, because it is a 

component of GTF TFIID (Vannini & Cramer, 2012; Iyer et al., 2006). Data of S. frugiperda TBP 

expression and localization during baculovirus infection support its involvement in baculovirus RNApol 

transcription. S. frugiperda TATA binding protein is a 34 kDa protein of 307 aa. Its C-terminal domain 

shares ~93% similarity with D. melanogaster TBP, and ~75% homology with vertebrate TBPs 

(Rasmussen & Rohrmann, 1994). While its mRNA levels in AcMNPV-infected cells decrease 

significantly between 4 hpi and 16 hpi, S. frugiperda TBP expression increases by 3.5 fold after 8 hpi 

through 48 hpi, and remains relatively high even at 72 hpi (Mainz et al., 2014; Quadt et al., 2002; 

Rasmussen & Rohrmann, 1994). Indirect immunofluorescence experiments of AcMNPV-infected S. 

frugiperda cells showed that S. frugiperda TBP, but not RNApol II, localizes to nuclear regions of newly 

synthesized viral DNA, which are thought to become sites of late stage transcription (Mainz et al., 2014). 

 Protein complementation assays  2.8

Protein-protein interactions (PPIs) are essential to fulfilling the structural, functional, and 

regulatory roles of proteins in living cells. A thorough understanding of dynamic PPIs in vivo is crucial to 

determine the organization of cellular pathways, as well as the organization and activities of protein 

complexes, and to characterize changes in protein interactions and functions that occur in response to 
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altered environmental conditions (Vazquez et al., 2003). Many biochemical (e.g. proximity ligation, 

coimmunoprecipitation, affinity purification), biophysical (e.g. calorimetry, fluorescence anisotropy, 

circular dichroism), and genetic techniques (e.g. phage display, protein microarrays, yeast-two-hybrid 

(Y2H) and protein complementation assays) have been developed to study PPIs (Stynen et al., 2012). 

The protein complementation assay (PCA) is a simple, specific, and sensitive method to assess if 

two proteins of interest (A and B) interact. Complementary fragments of a reporter protein are fused to 

the N- or C-termini of proteins A and B, and the recombinant proteins are coexpressed. Detection of an 

A-B interaction relies on the refolding of reporter fragments after the PPI (Stynen et al., 2012). PCAs can 

detect PPIs without restrictions to protein size or stoichiometry. PCAs are not restricted by protein 

localization and do not require a specific cell line or host, unlike Y2H assays (Stynen et al., 2012; Morell 

et al., 2009). PCAs can also be carried out in vivo, eliminating potential artifacts or PPI disruption that 

may occur from cell lysis required by biochemical techniques (Morell et al., 2009; Kerppola, 2006). The 

ability of PCAs to detect and determine the localization of a PPI in living cells immediately emphasizes 

its biological relevance, permitting direct inference of protein function under specific cellular conditions. 

A variety of reporter fragments have been used in PCAs, including those that are detectable by 

luminescence (Remy & Michnick, 2006) and colourimetric methods (Galarneau et al., 2002). The most 

widely used reporter fragments are derived from fluorescent proteins (Kodama & Hu, 2012). 

 Bimolecular fluorescence complementation assays 2.8.1

Since its cloning 22 years ago from the jellyfish Aequorea victoria, green fluorescent protein 

(GFP) has been used in many biological applications (Prasher et al., 1992), and has been modified to 

obtain a variety of proteins with different fluorescent properties (Day & Davidson, 2009). Some of these 

proteins, such as yellow fluorescent protein (YFP), in addition to GFP, were developed for use in PCA 

once it was determined that GFP can be split into two non-fluorescent fragments (Kodama & Hu, 2012; 

Baird et al., 1999). A short peptide linker sequence is often used between each reporter fragment and the 

protein of interest to prevent steric hindrance that may impede fragment reassembly (Magliery et al., 
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2005; Hu et al., 2002). A PCA with fluorescent reporter fragments, referred to as a bimolecular 

fluorescence complementation (BiFC) assay, does not require specialized equipment beyond a 

fluorescence microscope, and image processing is minimal in comparison to other fluorescence-based 

approaches including Förster Resonance Energy Transfer (FRET) (Kodama & Hu, 2012). Like other 

techniques that use fluorescent proteins, BiFC is limited to use in aerobic organisms and is susceptible to 

photobleaching and phototoxicity (Kerppola, 2006). Unlike FRET and luciferase reporter PCAs, BiFC is 

unsuitable for the temporal assessment of PPIs, or assessments of protein kinetics, because fluorescent 

protein fluorophores require time for maturation (Kodama & Hu, 2012). However, BiFC complexes are 

essentially irreversible, which enables the visualization of weak and transient PPIs (Magliery et al., 2005; 

Nyfeler et al., 2005). 

BiFC fluorescence is dependent on the strength of the PPI, so alterations to the binding interface 

that affect PPI specificity and/or affinity can be detected as a change in fluorescence intensity (Robida & 

Kerppola, 2009; Morell et al., 2007; Magliery et al., 2005). BiFC assays have been adapted to visualize 

many PPIs simultaneously by using multiple fluorescent reporter fragments (Hu & Kerppola, 2003), to 

assess protein folding and aggregation, and to determine the effects of topology and conformational 

changes to a specific PPI (Kodama & Hu, 2012). BiFC assays have also been combined with FRET to 

detect PPIs in multiprotein complexes (Rebois et al., 2008) or with high-throughput screening to assess 

the effects of ligands on PPIs (MacDonald et al., 2006). While the BiFC assay was first developed in E. 

coli (Ghosh et al., 2000), BiFC has been used in Gram positive and Gram negative bacteria, fungi, yeasts, 

plants, invertebrates, and mammals, as well as for the assessment of viral or parasitic PPIs (Kodama & 

Hu, 2012; Morell et al., 2009). Its capability to detect interactions at subcellular resolution without host 

restriction, at various in vivo conditions, has made the BiFC assay an increasingly prevalent approach to 

assess protein-protein interactions.
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Chapter 3 

Materials and Methods 

 Cell line and cell culture techniques 3.1

The Spodoptera frugiperda continuous cell line IPLB-SF21 (Sf21), derived from pupal ovaries of 

the fall army worm (Vaughn et al., 1977; Goodwin et al., 1970), was passaged and maintained as a 

monolayer culture at 28°C. Cell cultures were originally maintained in TC100 media (Gardiner & 

Stockdale, 1975)  supplemented with 10% heat-inactivated (56°C for 30 minutes) fetal calf serum (FCS) 

[Gibco], and these cells were used in initial plasmid transfections, bacmid DNA transfections, and the 

generation of most pass 1 virus stocks. Sf-900 III serum-free media [Gibco] was used for cell culture 

maintenance in all other experiments. Sf21 cells were routinely passaged into new media as the 

monolayer approached confluency. An inverted tissue culture microscope [IM Model, Olympus America] 

and a Bright-Line haemocytometer [Hausser Scientific] were used to assess viable cell concentrations in 

cell suspensions treated with trypan blue, before seeding cells for experiments. 

 DNA transfections 3.1.1

Sf21 cells were seeded into six well plates or 35 mm petri dishes (2 x 10
6
 cells/well) a minimum 

of 4 hours before transfection, to allow the cells to adhere and form a monolayer. Transfections were done 

via lipofection using a DOPE working solution prepared by adding 50 µl of 20X DOPE ([13.4 µmol/ml] 

1, 2-dioleoyl-sn-glycero-phosphatidylethanolamine in absolute ethanol) (Staggs et al., 1996; Campbell, 

1995) to 1 ml MilliQ H2O and vortexing for 10 seconds. Each transfection mixture was prepared with  

1 to 5 µg of DNA in a maximum volume of 20 µl, DOPE working solution (12µl/µg DNA), and Sf-900 

III media (or TC100 media without serum) to a total volume of 200 µl, then gently mixed and incubated 

for 30 minutes at room temperature (RT). After incubation 800 µl of media was added to each 

transfection mixture. Monolayer cell cultures were washed three times with 1 ml of Sf-900 III media (or 

TC100 media without serum) before adding the transfection mixtures to the appropriate sample wells. 
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The plates were incubated at 28°C for 4 hours, after which the cells were washed twice with 1 ml fresh 

Sf-900 III media (or TC100 media with 10% FCS), overlaid with 1.5 ml media supplemented with 

gentamicin [10 µg/ml], and incubated at 28°C. The cells were heat shocked in a 42°C water bath for 30 

minutes at 24 hours post transfection (hpt). Incubation continued at 28°C prior to harvesting the whole 

cell lysates (see section 3.4.1) or preparing slides for fluorescence microscopy (see section 3.6.2). 

 Virus infection and titration techniques 3.2

 Virus infection 3.2.1

Sf21 cells were seeded into tissue culture plates (2 x 10
5
 cells for 24-well; 1 x 10

6
 cells for 6-well 

or 35 mm petri dishes) or flasks (2.5 x 10
5
 cells for T25; 2 x 10

6
 cells for T75). The seeded cells were 

incubated for a sufficient time to allow the cells to adhere to the plate/dish/flask and form a monolayer. 

The media was removed before adding virus solutions at the indicated multiplicity of infection (MOI) and 

media volume (total volume of 150 µl for 24-well plates; 400 µl for 6-well plates and 35 mm dishes; 500 

µl for T25 flasks; 1.5 ml for T75 flasks). Infections were established in Sf-900 III media, or TC100 media 

without FCS. The infected cells were incubated at a low setting on a rocker at RT for 60 minutes (24-well 

plates) to 90 minutes (all other experiments), with manual rocking every 10 minutes to ensure even 

distribution of the virus aliquots to optimize adsorption. After adsorption, Sf-900 III media (or TC100 

with 10% FCS) supplemented with gentamicin [10 µg/ml] was added to the cell monolayers (350 µl for 

24-well plates; 1.6 ml for 6-well plates and 35 mm petri dishes; 4.5 ml for T25 flasks; 8.5 ml for T75 

flasks) before incubation at 28°C. If heat shock was included, at 22 hours post infection (hpi) the cells 

were placed in a 42°C water bath for 30 minutes. Incubation at 28°C resumed until 24 hpi, when whole 

cell lysates were harvested (see section 3.4.1), or slides were prepared for microscopy (see section 3.6.2). 

 Preparation of novel budded virus stocks 3.2.2

Sf21 cells were transfected with recombinant bacmid DNA (see section 3.1.1). Cells were 

monitored daily for the appearance and spread of polyhedra, characteristic of the very late stage of 
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infection (Knudson & Tinsley, 1974). Virus supernatants were harvested when the majority of cells were 

infected, but prior to cell lysis (5 to 8 days after transfection), by aspirating the cells into the media, 

transferring the cell suspensions into 2.0 ml microfuge tubes, and centrifuging at 300xg for 10 minutes at 

4°C. The supernatants were transferred to new microfuge tubes, and the centrifugation was repeated to 

remove any remaining cell debris. The clarified supernatants were stored at 4°C.  

To prepare pass 1 (P1) budded virus stocks, 6.5 x 10
5
 Sf21 cells in T25 flasks were infected with 

bacmid DNA transfection cell supernatants as previously described (see section 3.2.1). The volumes of 

supernatants used in these infections were based on estimated titres from visual observations of polyhedra 

in cells transfected with bacmid DNA (approximately 1 x 10
4
 to 1 x10

6
 pfu/ml). Once the majority of cells 

developed polyhedra (5 to 7 days after infection), but prior to cell lysis, cell suspensions were collected as 

described above, transferred into 15 ml conical tubes, and centrifuged at 300xg for 10 minutes at 4°C, to 

pellet cell debris. The supernatants were then transferred into new conical tubes and centrifuged again. 

The clarified supernatant P1 budded virus stocks were used to infect 2 x 10
6
 Sf21 cells in T75 flasks at 

MOI 0.01 (see section 3.2.1) to generate pass 2 (P2) budded virus stocks, which were collected as 

described above. All budded virus stocks were stored at 4°C. 

 Titration of budded virus stocks 3.2.3

Titres of the P1 and P2 budded virus stocks were determined by tissue culture infectious dose 

50% (TCID50) assays (Brown & Faulkner, 1975; Knudson & Tinsley, 1974). Sf21 cells were seeded in  

5 µl aliquots into 60-well plates (2 x 10
3
 cells/well). Serial 10-fold dilutions of virus stocks were prepared 

in Sf-900 III media. 5 µl aliquots of each dilution (10
-3

 to 10
-8

) were pipetted into nine rows of a column, 

and Sf-900 III media without virus was added to the tenth row of each column. The cells were incubated 

at 28°C in a closed container with damp paper towel and assessed after 7 to 10 days. A well was scored as 

‘positive’ for infection if two or more cells contained polyhedra. TCID50 was calculated with the 

following formula: TCID50 = 10^X, where X = [1 + ((sum of polyhedra positive wells) - 0.5)]. The titres 

were calculated as: titre (PFU/ml) = [(TCID50)/5 µl]*(0.7 PFU/ml) (Reed & Muench, 1938). 
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 DNA purification and analysis techniques 3.3

 Maintenance of plasmids and bacmids in bacterial cultures 3.3.1

The constructed plasmids were maintained in DH5α E. coli, while the generated recombinant 

bacmids were maintained in DH10Bac E. coli. DH5α and DH10Bac cultures were grown at 37°C on 

tryptic soy broth (TSB) agar plates [3% (w/v) TSB, 1.5% agar], or in TSB liquid media [3% (w/v) TSB], 

supplemented with the indicated appropriate selective antibiotics. Frozen stocks of bacteria containing 

positive plasmid or bacmid clones were prepared by aliquoting 750 µl of a single colony overnight 

bacterial culture into 250 µl 60% (w/v) glycerol in a 2 ml cryovial, and were stored at -80°C.  

 Plasmid DNA purification by alkaline lysis 3.3.2

Single isolated bacterial colonies of E. coli containing plasmids of interest were inoculated into   

5 ml TSB media supplemented with ampicillin [50 to 100 µg/ml] and incubated at 37°C at 200 rpm for  

16 to 20 hours. The bacteria were transferred to 1.5 ml microfuge tubes, pelleted by centrifugation 

(13,000 rpm, 1 minute, RT), and the pellets were resuspended on ice in 100 µl GET buffer (50 mM 

glucose, 10 mM EDTA, 25 mM Tris pH 8) containing with ~0.2 Kunitz units RNAse A [0.2 µg/ml]. 

Resuspended cells were lysed with 200 µl alkaline SDS (0.2 N NaOH, 1% SDS) by complete mixing, and 

then neutralized by mixing with 150 µl high salt buffer (3M potassium acetate pH 5.5, 1.8 M acetic acid). 

The solutions were immediately centrifuged (13,000 rpm, 10 minutes, RT) to pellet genomic DNA and 

cell debris. 400 µl of each supernatant was carefully collected and transferred to a new 1.5 ml microfuge 

tube. Plasmid DNA was precipitated by adding 900 µl of 100% ethanol to each supernatant, mixing, and 

incubating at -20°C for at least 30 minutes. Precipitated DNA was pelleted by centrifugation (13,000 rpm, 

15 minutes, 4°C), washed with 500 µl 70% ethanol, and centrifuged again (13,000 rpm, 2 minutes, RT). 

After removal of the supernatant the DNA pellet was air dried at RT and resuspended in 30 µl to 50 µl 

MilliQ H2O or Tris-EDTA (TE) buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). Purified plasmid DNA 

was stored at 4°C. 
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 Bacmid DNA purification by alkaline lysis 3.3.3

Bacmid DNA was also purified by alkaline lysis, with the subsequent modifications. Bacterial 

colonies were grown overnight in TSB media supplemented with kanamycin [50 µg/ml], and liquid 

cultures were transferred to 2.0 ml microfuge tubes for centrifugation. Bacterial pellets were resuspended 

in 300 µl Solution I (15mM Tris-HCl pH 8.0, 10 mM EDTA), lysed with 300 µl alkaline SDS for five 

minutes at RT, and neutralized by adding 300 µl Solution III (3M potassium acetate pH 5.5), with 10 

minutes incubation on ice. Bacmid DNA was precipitated with 800 µl 100% isopropanol, and the final 

resuspension was in 40 µl MilliQ H2O, or TE buffer, with ~0.2 Kunitz units RNAse A [0.2 µg/ml].  

 DNA molecular weight, purity, and quantification 3.3.4

The molecular weights of DNA samples were assessed by agarose gel electrophoresis with the  

1 kb Plus DNA Ladder [Invitrogen]. Samples were diluted with 6x loading buffer (1x: 2.5% Ficol-400,  

11 mM EDTA, 3.3 mM Tris-HCl pH 8, 0.017% SDS, 0.015% bromophenol blue) and MilliQ H2O, and 

loaded onto an agarose gel (0.7 to 2%; 0.5 µg/ml ethidium bromide) in 1x Tris-Acetate-EDTA buffer 

(TAE; 40 mM Tris pH 8.5, 20 mM anhydrous acetic acid, 1 mM EDTA). Gels were electrophoresed 

between 50 V to 70 V, examined with a UV transilluminator, and photographed with AlphaImager EP 

Version 3.2.2.0. [ProteinSimple]. If the DNA sample was to be gel-purified, the gel was prepared without 

ethidium bromide and stained after electrophoresis with methylene blue solution (0.015% methylene blue, 

0.1x TAE) to visualize the DNA. The DNA band was extracted with a razor blade and purified with the 

QIAquick Gel Extraction Kit [Qiagen], according to the manufacturer’s specifications.  

The concentrations of DNA samples used for cloning or transfections were estimated by agarose 

gel electrophoresis or spectrophotometry. By electrophoresis, the DNA sample band relative intensities 

were compared with the appearance of a quantitative DNA ladder (1 kb DNA ladder N3232 [NEB] or 

GeneRuler 1 kb Plus [Fermentas]). For spectrophotometric analysis, diluted DNA samples were placed in 

10 mm light path cuvettes for optical density (OD) readings. DNA samples were assessed at wavelengths 

of 260 nm and 280 nm using a Model DU 640B spectrophotometer [Beckman Coulter]. The 
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concentration of DNA was determined using the following formula: DNA (µg/ml) = [OD at absorbance 

of 260 nm] x [dilution factor] x [extinction coefficient], where the extinction coefficient corresponds to 50 

µg/ml of dsDNA with an OD of 1 at an absorbance of 260 nm (Sambrook & Russell, 2001). Plasmid 

DNA purity was assessed by the ratio of OD260 to OD280, with ~1.8 expected for highly purified DNA. 

DNA concentrations were also estimated by spectrophotometry for sequencing (see section 3.3.7). 

 Restriction endonuclease digestion and dephosphorylation 3.3.5

Restriction endonuclease (REN) digestions were prepared in 1.5 ml microfuge tubes on ice with 

the manufacturer’s specific REN buffers and by following the manufacturer’s protocols [Fermentas; 

NEB]. DNA was digested with at least 1 U REN per µg of DNA, and the digestions were incubated in a 

water bath at 37°C for a minimum of one hour. If the digestion products were to be used in cloning 

experiments, the RENs and buffer components were removed with the QIAquick PCR Purification Kit 

[Qiagen], following the manufacturer’s instructions, with elution into 30 µl to 50 µl MilliQ H2O. 

Vector DNA was often dephosphorylated at its 5’ ends after REN digestion to prevent 

reannealing of cohesive ends. The dephosphorylation reaction was prepared with up to 10 pmol of 

digested vector DNA template, 0.01 U of calf intestinal alkaline phosphatase (CIAP) [Promega] per pmol 

of DNA 5’ ends, and 1/10 volume of CIAP reaction buffer (1mM ZnCl2, 10 mM MgCl2, 10 mM 

spermidine, 500 mM Tris-HCl pH 9.3) [Promega], as according to the manufacturer’s specifications. The 

reaction mixture was incubated for 30 minutes at 37°C, after which an equivalent amount of diluted CIAP 

was added, with an additional 30 minute incubation at 37°C. The dephosphorylated and digested vector 

DNA was purified with the QIAquick PCR purification kit [Qiagen] according to the manufacturer’s 

instructions, with elution into 30 µl to 50 µl MilliQ H2O. 

 Polymerase chain reaction (PCR) 3.3.6

Primers for PCRs were designed using the software programs Gene Construction Kit [Textco 

BioSoftware, Inc.] and MacVector [MacVector Inc.]. Cortec DNA Services Laboratories (Kingston, 

Ontario) and Integrated DNA Technologies (Coralville, Iowa) synthesized the oligonucleotide primers, 
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listed in Table 2. PCRs were carried out in 0.2 ml thin-wall PCR tubes, on a Mastercycler [Eppendorf]. 

MacVector was used to calculate appropriate annealing temperatures for each primer pair. All PCR 

products were assessed by agarose gel electrophoresis (see section 3.3.4) and stored at 4°C. If the PCR 

products were to be used in cloning they were purified with the QIAquick PCR Purification Kit [Qiagen] 

or the QIAquick Gel Extraction Kit [Qiagen] into MilliQ H2O.  

PCR products for cloning (see section 3.5.1.1) were amplified with a high fidelity polymerase. 

PCRs contained 5X iProof HF buffer [BioRad], 10 pmol of each primer, 10 nmol dNTP mix, 1 U iProof 

Taq DNA polymerase [BioRad], template DNA (1 to 20 ng), and MilliQ H2O to 50 µl. The PCR 

conditions included an initial denaturation step at 98°C for 30 seconds followed by 35 cycles of 10 

seconds denaturation at 98°C, 30 seconds annealing at an appropriate temperature, and 15 seconds/kb 

elongation at 72°C. A final elongation step was included for 5 minutes at 72°C. 

PCR was also used to screen transformants and electroporated bacterial colonies to detect the 

presence of recombinant plasmids or bacmids and to confirm the presence of inserts in purified plasmid or 

bacmid DNA (see section 3.5.7). For bacterial colony PCR, a small portion of each colony to be screened 

was transferred with a pipette tip to a new TSB plate (colony PCR plate) containing ampicillin [50 µg/ml] 

(for plasmid screening) or kanamycin [50 µg/ml] (for bacmid screening). Part of the same bacterial 

colony was also suspended in 60 µl MilliQ H2O. 3 µl of the colony suspension was used as template in 

PCR. For standard PCR, 1 ng to 20 ng of purified DNA was used as template with 10 pmol of each 

primer, 0.2 mM dNTP mixture, 10x ThermoPol buffer, 0.25 U to 0.5 U Taq DNA polymerase [NEB], and 

MilliQ H2O to 20 µl (with purified DNA template) or 50 µl (with bacterial suspension template). PCRs 

were performed with an initial denaturation step at 95°C (30 seconds with purified DNA template;  

5 minutes with colony suspension template) followed by 35 cycles of 20 seconds denaturation at 95°C,  

30 seconds annealing at an appropriate temperature, and elongation for 1 minute/kb at 68°C. A final 

elongation step was done at 68°C for 5 to 10 minutes. 



 

38 

 

  Table 3. Primers used in plasmid construction, PCR screening, and sequencing 
 

Primer  Targeted Region Sequence 
4431 AcMNPV p143 N-terminal region 5’-GGTATCGTGGGTTCGATGAC-3’ 

47929907 AcMNPV lef-3 C-terminal region 5’-CGAGGCTAAAGAAAGCGAAG-3’ 

47929913 Venus1 and Venus2 linker fragment (BglII site) 5’-ACAAAGATCTTTTGGTCGCGGACCCACCACCTCCAGAGC-3’ 

50310567 Venus1 and linker fragment to Acp47 5’-CAACCGGGTGACAAAGGACCCACCACCTCCAG-3’ 

50310568 Linker fragment between Venus1/Venus2 and AcMNPV p47 5’-GGAGGTGGTGGGTCCTTTGTCACCCGGTTGGAG-3’ 

53406490 Linker region between Venus1/Venus2 and lef ORF 5’-TGGGTATCGGGAGCTGGACCCACCACCTCCAGAGC-3’ 

53406491 Linker region between Venus1/Venus2 and lef ORF 5’-TGGAGGTGGTGGGTCCAGCTCCCGATACCCATACGA-3’ 

81220370 Venus1 from pBSV1Aclef3 (BglII site) 5’-GCAAAAGATCTATGGTGAGCAAGGGCGAGG-3’ 

81220371 Venus2 from pBSV2Aclef3 (BglII site) 5’-GCAAAAGATCTATGAAGAACGGCATCAAGGC-3’ 

86369737 pFAcT upstream of MCS 5’-GATAGACATTTCCAGTTTGTG-3’ 

86369738 AcMNPV lef-8 N-terminal region 5’-CAGCACAGAATTTAAATCTTCCG-3’ 

86369739 AcMNPV lef-9 N-terminal region 5’-GATGACACCGTGTGTAAGTTTG-3’ 

91796187 pFAcT downstream of MCS 5’-CAAGGTTTCGGTCTCCACGC-3’ 

115105053 SfTBP from pcDNA (forward) (BglII site) 5’-CACCACAGATCTAAAATGGATCAAATGCTACCG-3’ 

115105054 SfTBP from pcDNA (reverse) (NotI site) 5’-CTAGTCGCGGCCGCTTATTGCTTTTTAAAGC3’ 

C-1187 AcMNPV p47 C-terminal region 5’-GCGGATCCGGCTCAGTGTAACGATTGATTC-3’ 

C-8683 AcMNPV p47 N-terminal region 5’-GCGAGGTTATCAAACGAC-3’ 

C-12016 pFAcT polyhedrin gene (also in pHSEH) 5’- ACGTAGGTACGCCCGATGGT-3’ 

C-22910 Upstream of XbaI site in hsp70 promoter 5’-CAAACCCTTCGATTATCTCTAAC-3’ 

C-22911 Downstream of lef ORF and NotI site in pHSEH 5’-AACAGTTCACCTCCCTTTTC-3’ 

C-23065 AcMNPV lef-3 towards N-terminus (internal) 5’-CGATACCCATACGACGTCC-3’ 

C-23574 AcMNPV lef-3 N-terminal region 5’-CTCATTGATGTCGTCAAAAGTGTAATGGTATTC-3’ 

C-24244 AcMNPV lef-3 promoter (forward) (BglII site) 5’-AACCGCTCTAGAGCACGCTCAGCAAAACTATAC-3’ 

C-25387 AcMNPV lef-3 endogenous promoter (reverse) 5’-GTAATTTTCTCTAATGCGTTTTATAAGCGGC-3’ 

C-25461 M13 forward primer in pCR-II-Blunt-TOPO (forward) 5’-GTAAAACGACGGCCAG-3’ 

C-25462 M13 reverse primer in pCR-II-Blunt-TOPO (reverse) 5’-CAGGAAACAGCTATGAC-3’ 

C-26438 Flanks bacmid Tn7 site (forward)  5’-CCCAGTCACGACGTTGTAAAACG-3’ 

C-26439 Flanks bacmid Tn7 site (reverse) 5’-AGCGGATAACAATTTCACACAGG-3’ 

C-27853 AcMNPV lef-4 towards C-terminus (internal) 5’-GAAAACGGCTTTCGCACTCG-3’ 

C-27854 AcMNPV lef-4 N-terminal region 5’-TCGCCATCGTGGAATCAAATAG-3’ 

C-31480 hsp70 promoter within pHSEH 5’-CAACAAGTCGTTACCGAG-3’ 

BglII and NotI REN sites used in cloning are underlined within the primer sequences and indicated in the ‘targeted region’ column.  
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 DNA sequencing  3.3.7

DH5α E. coli carrying the recombinant plasmid of interest were cultured in liquid TSB with 

ampicillin [50 or 100 µg/ml] at 37°C, 200 rpm, for 16 to 20 hours. Plasmid DNA was purified with the 

GeneJET Plasmid Miniprep Kit [Thermo Fisher Scientific Inc.] or QIAprep miniprep kit [Qiagen], 

according to both of the manufacturer’s specifications, with final elution into MilliQ H2O. A 1:5 to 1:10 

dilution of each sample was prepared, and concentrations were determined in duplicate with the ND-1000 

UV-Vis spectrophotometer [Thermo Fisher Scientific Inc.]. 500 ng of the purified plasmid and 5 µl [10 

pmol/µl] of the sequencing primer were prepared for each sequencing reaction. Samples were sent to the 

ACGT Corporation (Toronto, Ontario), and their sequences were compiled and analyzed with MacVector. 

 Protein analysis techniques 3.4

 Collection of whole cell lysates 3.4.1

Transfected or infected Sf21 cells were washed twice with 1x BAC-PBS (pH 6.2; 14 mM NaCl, 4 

mM KCl, 1.05 mM KH2PO4, 0.1 mM Na2HPO4∙7H2O), and lysed in 2x electrophoresis sample buffer 

(ESB; 0.25M Tris-HCl pH 6.8, 20% glycerol, 10% β-mercaptoethanol, 4% SDS, 0.002% bromophenol 

blue). The samples were transferred to 1.5 ml microfuge tubes and boiled in a water bath for 5 minutes. 

Whole cell lysates were directly used in SDS-PAGE or stored at -20°C. 

 SDS-PAGE and immunoblotting 3.4.2

Whole cell lysates containing equivalent cell numbers in 2x ESB were separated by SDS-PAGE 

with a 10% or 12.5% polyacrylamide resolving gel (30:0.8 ratio polyacrylamide:N,N’-methylene-bis-

acrylamide, 375 mM Tris-HCl pH 8.8, 0.1% SDS, 0.001% ammonium persulphate (APS), 0.0008% 

N,N,N’N’-tetramethylethylenediame (TEMED)) and a 6% polyacrylamide stacking gel (30:0.8 ratio 

polyacrylamide:N,N’-methylene-bis-acrylamide, 125 mM Tris-HCl pH 6.8, 0.1% SDS, 0.001% APS, 

0.0008% TEMED, bromophenol blue). A 2 kDa to 212 kDa protein ladder (P7702S) [New England 

BioLabs] was also included as a standard curve to compare apparent protein relative mobilities with their 
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expected molecular weights. SDS-PAGE gels were electrophoresed at 20 mA to 35 mA in 1x Laemmli 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) (Laemmli, 1970).  

Proteins resolved by SDS-PAGE were transferred to 0.45 µm nitrocellulose membranes 

(BioTrace NT [PALL] or [BioRad]) in an electrophoretic blotting apparatus [BioRad] filled with transfer 

buffer (25 mM Tris, 192 mM glycine, 0.02% SDS, 20% methanol). Electroblotting was done at 200 mA 

for 2 hours at RT. To ascertain if the protein transfer was complete, the SDS-PAGE gel was stained after 

transfer by microwaving on high for 20 seconds in Coomassie brilliant blue stain (40% methanol, 10% 

anhydrous acetic acid, 0.25% Coomassie brilliant blue R250), with a subsequent 10 minute RT incubation 

on a shaker. The gel was then destained (40% methanol, 10% anhydrous acetic acid) to remove 

background stain and visualize remaining protein bands. The nitrocellulose membrane was rinsed with 

dH2O, stained with Ponceau S solution (3% trichloroacetic acid, 0.2% (w/v) Ponceau S) for 1 minute, and 

washed in dH2O. The positions of the protein marker bands and sample lanes were marked. The transfer 

efficiency and sample loading of whole cell lysates were visually assessed. The membrane was then 

destained with Tris-buffered saline (25 mM Tris-HCl pH 8, 150 mM NaCl) with 0.05% Tween (TBST).  

The membrane was blocked with 5% (w/v) skim milk powder (SMP) in TBST for at least 1 hour 

at RT, or overnight at 4°C, with gentle rocking. After TBST washing (5 x 1 minute), the membrane was 

incubated with the primary antibody diluted in TBST + 0.5% SMP for 1 to 1.5 hours at RT with gentle 

rocking. Rabbit polyclonal antibodies used in this study were specific for AcMNPV LEF-3 (1:3000) 

(Chen et al., 2004) or S. frugiperda TBP (1:2000) (Quadt et al., 2002). Mouse monoclonal antibodies 

were directed against AcMNPV P47 (1:1000) (Carstens et al., 1993) or the HA epitope (H3663 clone  

HA-7) [Sigma-Aldrich]. After TBST washing (5 x 1 minute), the membrane was probed with a 1:50,000 

dilution of goat anti-rabbit IgG (170-6515) [BioRad] or goat anti-mouse IgG (115-035-062) [Jackson 

ImmunoResearch Laboratories Inc.] conjugated to horseradish peroxidase (HRP), in TBST + 0.5% SMP, 

for 30 minutes with gentle rocking at RT. After TBST washing (3 x 1 minute), reactive polypeptides were 

detected by applying an ECL chemiluminescence solution (250 mM luminol, 100 mM Tris pH 8.5,  
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90 mM ρ-coumaric acid, 3% H2O2), exposing the membrane to Fugi SuperRx autoradiography film 

[Fugifilm Canada], and processing the film with an X-ray developer. The membranes were washed in 

TBST to remove the ECL solution and air dried for storage. 

 DNA cloning 3.5

Gene Construction Kit and MacVector were used to model the plasmid and bacmid DNA 

sequences, and to plan the PCR amplification and cloning procedures. Figure 1 provides a summary of the 

outlined PCR, cloning, transposition, transfection, and infection steps used in this study to generate 

plasmids and viruses expressing N-terminal Venus1 and Venus2 fusion proteins for the study of protein-

protein interactions by bimolecular fluorescence complementation assays. 

 Plasmid construction methodology 3.5.1

 Fusion of fluorescent reporter fragments and proteins 3.5.1.1

Venus (SEYFP-F46L) is a variant of yellow fluorescent protein (YFP; derived from A. victoria) 

generated by introducing a F46L mutation and four folding mutations into Enhanced YFP (Nagai et al., 

2002). These mutations accelerated the maturation of the variant Venus fluorophore, and increased its 

fluorescence intensity, in comparison to YFP. The Venus fragments of aa1-158 (Venus1; V1) and aa159-

239 (Venus2; V2) were obtained from vectors pcDNA3.1\Zeo(+)Venus[1]-GCN4Zip and 

pcDNA3.1\Zeo(+)Venus[2]-GCN4Zip, received from Dr. Stephen Michnick of the University of 

Montréal. Gbolgade Adetola amplified the pcDNA3.1 Venus1 and Venus2 fragments to construct 

pBSV1Aclef3 and pBSV2Aclef3 (Downie et al., 2013), which were used in this study as PCR templates 

to amplify the Venus1 and Venus2 fragments. Those pBS vectors were made by cloning Venus1 or 

Venus2 fragments, fused via PCR to the N-terminus of AcMNPV lef-3, into pBlueScript(SK-). The fusion 

region contains a 10 aa (GGGGS)2 linker, to reduce steric constraints to Venus fragment reassociation 

after a PPI (Remy & Michnick, 2001; Remy et al., 1999). The inducible D. melanogaster heat shock 

protein 70 (hsp70) promoter controls expression of the pBS V1-LEF3 and V2-LEF3 fusion proteins. 
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Figure 1. Summary of steps involved in generating plasmids and baculoviruses 

As an example, Venus1-gene amplicons were generated by fusion PCRs. The sequences of the Venus1 

fragment and the late expression factor (lef) of interest were amplified from plasmid templates (A). Fusion 

PCRs were also done using plasmid templates containing sequences of the Venus2 fragment and the lef of 

interest to generate Venus2-gene amplicons. The fusion PCR products were cloned into pHSEH to make PCR 
fusion plasmids (B), and expression of the Venus1 and Venus2 fused proteins was confirmed (C) in 
anticipation of future transfection BiFC assays. The PCR fusion plasmid Venus1-gene and Venus2-gene 

sequences were subcloned into pFAcT (D) and then transposed into bacmids (E). The recombinant bacmid 
DNA was transfected into Sf21 cells to generate budded virions (F). The novel baculoviruses were propagated 
(G) and expression of the Venus1 and Venus2 fusion proteins was confirmed (H) prior to BiFC assays to 

assess protein-protein interactions during baculovirus infection.
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The sequences of AcMNPV late expression factor genes lef-4, lef-8, lef-9, p47, lef-3, and p143 

were obtained from a pHSEpiHis (pHSEH) lef library received from the late Dr. Lois Miller. The 

construction of this library has been previously described (Rapp et al., 1998). Each pHSEH lef library 

plasmid contains a lef ORF from AcMNPV strain L1, with N-terminal in-frame fusions of the human 

influenza HA (Epi) 11 epitope YPYDVPDYA and a 6x histidine (His; His6x) tag, under control of the 

hsp70 promoter. A plasmid containing the S. frugiperda TBP mRNA sequence, pcDNAIISfTBP, was 

gifted by Dr. George Rohrmann of Oregon State University. 

Venus1 and Venus2 fusion protein design was based on methods of a previous BiFC study, 

wherein N-terminal but not C-terminal Venus fragment fusion proteins were expressed (Downie et al., 

2013; Adetola, 2011). The hsp70 promoter was chosen to express the fusion proteins as it has been widely 

used to transiently express baculovirus proteins in transfection studies of baculovirus transcription and 

DNA replication in insect cell lines (Berretta & Passarelli, 2006; Rapp et al., 1998), and as it has been 

integrated into the baculovirus genome for expression of viral or foreign proteins (Kost et al., 2005). 

Fusion PCR was used to generate Venus1-gene and Venus2-gene amplicons (see section 3.3.6) (Higuchi 

et al., 1988). The PCR primers were designed to either have specific sequences that flanked the two 

sequences of interest, or to have complementary sequences overlapping the fusion region. One flanking 

primer and one complementary primer were used to separately amplify each sequence of interest (a Venus 

fragment and a gene of interest). The products of the two PCRs were subsequently combined as template. 

The complementary internal sequences overlapping the end of one sequence (Venus fragment) and the 

beginning of the other (gene) resulted in their fusion by PCR with the two outside primers. The primer 

pairs used in amplification and fusion of the Venus fragments and genes are listed in Table 4. The Venus1 

and Venus2 fragments were fused in-frame to the N-termini of AcMNPV RNApol subunits LEF-4, LEF-

8, LEF-9, and P47, and its DNA replication proteins LEF-3 and P143, as well as LEF-3(aa2-83). The 

fusion PCR products were assessed by agarose gel electrophoresis and purified with the QIAquick PCR 

purification kit [Qiagen] (see section 3.3.4). 
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Table 4. PCR primer pairs for construction of plasmids with Venus-gene fusions 

Plasmids Constructed PCR Amplification Descriptions Primers Product 

pHSV1Acp47 
pHSV2Acp47 

N-terminus of AcMNPV p47 from pHSEHAcp47 50310568 C-22911 1396 bp 

Venus1 and N-terminus of AcMNPV lef-3 from pBSV1Aclef3 with hsp70 promoter C-26438 50310567 1206 bp 

Venus2 and N-terminus of AcMNPV lef-3 from pBSV2Aclef3 with hsp70 promoter C-26438 50310567 963 bp 

Venus1-Acp47; contains XhoI and NotI REN sites for cloning into pBSHSAcp47 C-26438 C-22911 2570 bp 

Venus2-Acp47; contains XhoI and NotI REN sites for cloning into pBSHSAcp47 C-26438 C-22911 2343 bp 

pEHV2Aclef3 
pEHV2Aclef3 

Endogenous lef-3 promoter from AcMNPV DNA; contains XbaI and BglII sites C-24244 C-23574 433 bp 

V1-Aclef3; primers introduce BglII sites for pEH cloning; amplified from pBSV1Aclef3 81220370 47929913 540 bp 

V2-Aclef3; primers introduce BglII sites for pEH cloning; amplified from pBSV1Aclef3 81220371 47929913 313 bp 

pHSEHV1Aclef4 
pHSEHV2Aclef4 

N-terminus of AcMNPV lef-4 from pHSEHAclef4 53406491 C-27854 518 bp 

Venus 1 and linker to N-terminal AcMNPV p47 from pHSV1Acp47 with hsp70 promoter C-22910 53406490 1156 bp 

Venus 2 and linker to N-terminal AcMNPV p47 from pHSV2Acp47 with hsp70 promoter C-22910 53406490 928 bp 

Venus1-Aclef4; contains XhoI and XbaI sites for cloning into pHSEHAclef4 C-22910 C-27854 1643 bp 

Venus2-Aclef4; contains XhoI and XbaI sites for cloning into pHSEHAclef4 C-22910 C-27854 1439 bp 

pHSEHV1Aclef3 

pHSEHV2Aclef3 
pHSEHV1Aclef3(aa2-83) 

pHSEHV2Aclef3(aa2-83) 

N-terminal AcMNPV lef-3 and Venus-lef linker from pHSEHAclef3 or pHSEHAclef3(aa2-83) 53406491 C-23574 232 bp 

Venus1 and N-terminus of AcMNPV lef-3 from pBSV1Aclef3 with hsp70 promoter C-26438 53406490 1206 bp 

Venus2 and N-terminus of AcMNPV p47 from pHSV2Acp47 with hsp70 promoter C-22910 53406490 928 bp 

V1-Aclef3; contains XbaI and BglII sites for cloning (pHSEH) C-26438 C-23574 1437 bp 

V2-Aclef3; contains XbaI and BglII sites for cloning (pHSEH) C-22910 C-23574 1159 bp 

pHSEHV1Aclef9 
pHSEHV2Aclef9 

pHSEHV2Acp143 

N-terminus of AcMNPV lef-9 from pHSEHAclef9 53406491 86369739 524 bp 

N-terminus of AcMNPV p143 from pHSEHAcp143 53406491 4431 606 bp 

Venus1 and linker to N-terminal AcMNPV lef-3 from pBSV1Aclef3 with hsp70 promoter C-26438 53406490 1206 bp 

Venus2 and linker to N-terminal AcMNPV p47 from pHSV2Acp47 with hsp70 promoter C-22910 53406490 928 bp 

Venus1-Aclef9; contains XbaI and BglII sites for cloning into pHSEHAclef9 C-26438 86369739 1803 bp 

Venus2-Aclef9 contains XbaI and BglII sites for cloning into pHSEHAclef9 C-22910 86369739 1525 bp 

Venus2-Acp143 contains XbaI and BglII sites for cloning into pHSEHAcp143 C-22910 4431 1503 bp 

pHSEHV1Aclef8 

pHSEHV2Aclef8 
pHSEHV2Acp143 

N-terminus of AcMNPV lef-8 from pHSEHAclef8 53406491 86369738 579 bp 

N-terminus of AcMNPV p143 from pHSEHAcp143 53406491 4431 606 bp 

Venus1 and linker to N-terminal AcMNPV lef-3 pBSV1Aclef3 with hsp70 promoter 

from pBSV1Aclef3 
C-26438 53406490 1206 bp 

Venus2 and linker to N-terminal AcMNPV p47 from pHSV2Acp47 with hsp70 promoter 
From pHSV2Acp47 

C-22910 53406490 928 bp 

Venus1-Aclef8; contains XbaI/XhoI sites for cloning into pHSEHAclef8 C-26438 86369738 1770 bp 

Venus1-Acp143; contains XbaI/XhoI sites for cloning into pHSEHAcp143 C-26438 4431 1794 bp 

Venus2-Aclef8; contains XbaI/XhoI sites for cloning into pHSEHAclef8 C-22910 86369738 1492 bp 

pHSEHV1SfTBP 
pHSEHV2SfTBP 

Amplification of S. frugiperda TBP from pcDNAIISfTBP 115105053 115105054 953 bp 
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 pHSEH and pFAcT plasmid cloning 3.5.1.2

The Venus1-gene and Venus2-gene fusion PCR products were digested with restriction 

endonucleases to generate 5’ and 3’ sticky ends (XbaI and BglII or XhoI and BglII) for ligation into 

similarly digested and dephosphorylated pHSEH vectors (see section 3.3.5). Ligation mixtures were 

transformed into CaCl2-compentent DH5α cells (see section 3.5.4), and colonies were screened by PCR 

and/or REN digestions to identify the recombinant plasmids (see section 3.5.7). 

pFAcT was received from Dr. David Theilmann of Agriculture and Agrifood Canada. pFAcT was 

modified from pFastBac1 [Invitrogen Life Technologies] (Dai et al., 2004). pFAcT has an ampicillin 

resistance gene and an expression cassette flanked by the left and right arms of the bacterial Tn7 

transposition recognition site. Within this cassette are a multiple cloning site (MCS), a gentamicin 

resistance gene, the AcMNPV polyhedrin promoter and gene, and the SV40 polyadenylation sequence. 

The Venus1-gene and Venus2-gene inserts, and the hsp70 promoter, were subcloned by REN digestions 

(XbaI and NotI) into similarly digested and dephosphorylated pFAcT (see section 3.3.5). The ligation 

mixtures were transformed into CaCl2-competent DH5α cells (see section 3.5.4). Colonies were screened 

by PCR and REN digestions (see section 3.5.7). The sequences of the Venus1-gene and Venus2-gene 

inserts in the pHSEH and pFAcT plasmids were also assessed (see section 3.3.7). 

 Preparation of vector and passenger DNA 3.5.2

Passenger DNA (insert) of Venus1-gene and Venus2-gene fusions was prepared by high fidelity 

PCR amplification (see section 3.3.6) with primers containing orientation-specific REN sites 

corresponding to those within the cloning vector. The PCR products were purified with the QIAquick 

PCR purification Kit [Qiagen] according to the manufacturer’s instructions. The passenger DNA was 

digested with the appropriate RENs [Fermentas; NEB] (see section 3.3.5.), and purified again as above. 

The plasmid vectors were purified by alkaline lysis from overnight E. coli cultures (see section 3.3.2) and 

digested in a similar manner with the appropriate RENs. The digested vector DNA was also often 

dephosphorylated at its 5’ ends to prevent digested fragment religation and vector recircularization. 
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 Ligation of passenger and vector DNA 3.5.3

The appropriate amount of passenger DNA for a 3:1 molar ligation ratio of passenger DNA to 

vector DNA was determined as follows: ng passenger = [[(digested passenger bp)/(digested vector bp)] x 

(100 ng vector) x (3:1 ratio)]. The calculated amount of digested passenger DNA and 100 ng vector DNA 

were diluted in MilliQ H2O to an 8.9 µl volume in a 1.5 ml microfuge tube. The diluted DNA was 

incubated in a 45°C water bath for 5 minutes to denature complementary sequences. 0.5 Weiss units of T4 

DNA ligase [Fermentas], and 1/10 volume of 10x ligation buffer (400 mM Tris-HCl, pH 7.8, 100 mM 

MgCl2, 100 mM DTT, 5mM ATP) [Fermentas] were added to the digested vector and insert DNA 

dilutions to a final volume of 10 µl. Controls were included of digested vector with ligase, digested vector 

without ligase, and undigested vector. The reactions were incubated at RT for 10 minutes before 

transformation into CaCl2-competent E. coli (see below). The ligation mixtures were incubated overnight 

at 16°C and were reused for transformation if no colonies were present on selective media. 

 Transformation 3.5.4

A single bacterial colony of DH5α E. coli was inoculated into 5 ml of TSB media, with 

incubation at 37°C, 200 rpm, for 16 to 20 hours. The entire overnight culture was inoculated into 500 ml 

of TSB media and incubated at 37°C at 200 rpm. The optical density of the bacterial culture was 

monitored by spectrophotometry until an OD of approximately 0.4 was obtained at an absorbance of 600 

nm (see section 3.3.4). The culture was immediately divided into two prechilled 250 ml sterile 

polycarbonate bottles and incubated on ice for 5 minutes, before pelleting by centrifugation in the JA-10 

rotor in a Beckman JA-21 M/E centrifuge (3,000 rpm, 5 minutes, 4°C). The pellets were resuspended on 

ice in 25 ml ice-cold 0.1 M CaCl2 by gentle agitation on a shaker for approximately 20 minutes, and then 

centrifuged (3,000 rpm, 5 minutes, 4°C). The pellets were resuspended in a single 10 ml aliquot of 

prechilled glycerol solution (1M CaCl2, 15% (w/v) glycerol) as described above. The resuspended cells 

were aliquoted as 210 µl fractions into 1.5 ml microfuge tubes. The CaCl2-competent cells were incubated 

on ice at 4°C for use within 24 hours, or were flash frozen in liquid nitrogen and stored at -80°C. 
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To transform bacteria, 1 µl of a ligation mixture (see section 3.5.3) was added to 50 µl of CaCl2-

competent DH5α E. coli cells in a sterile pre-chilled glass test tube and incubated on ice for 30 minutes, 

with gentle swirling every 5 minutes. The cells were then heat shocked at 42°C for 90 seconds and 

incubated on ice for 2 minutes before adding 500 µl super optimal broth with catabolite repression (SOC) 

media (20 mM glucose, 10 mM MgCl2, 8.56 mM NaCl, 2.5 mM KCl, 2% tryptone, 0.5% yeast extract). 

The transformed cells were incubated at 37°C on a spinning rotor (50 rpm) for 45 minutes. 100 µl to  

200 µl of cells were spread on TSB plates with ampicillin [50 µg/ml], and incubated overnight at 37°C. 

 Bacmid generation methodology 3.5.5

pFAcT was used to transfer the Venus1-gene and Venus2-gene fusions into bacmids (baculovirus 

shuttle vectors) by site-specific transposition. DH10B E. coli cells transformed with bMON14272 

(bacmid) [Invitrogen Life Technologies] and pMON7124 (helper plasmid) [Invitrogen Life Technologies] 

are referred to as DH10Bac. bMON14272 is derived from the E2 strain of AcMNPV (Luckow et al., 

1993), and contains a mini-F replicon for replication in E. coli. The polyhedrin promoter and gene within 

bMON14272 were replaced with a kanamycin resistance gene and a segment of DNA from a pUC-based 

cloning vector encoding LacZα with an internal bacterial Tn7 transposase-derived transposition site 

(miniattTn7). LacZα complements the lacZ gene deletion in DH10B cells, resulting in growth of blue 

colonies (Lac
+
) in the presence of the inducer isopropyl β-D-1-thiogalactopyranoside (IPTG), and the 

chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal). The helper plasmid 

pMON7124 contains the E. coli tnsABCD region, which encodes the transposase required for 

transposition of the gene cassette of pFAcT into the miniattTn7 site of the bacmid (Peters & Craig, 2001).  

The recombinant pFAcT plasmids were electroporated into electrocompetent DH10Bac cells to 

transpose their Venus1-gene and Venus2-gene cassettes into bacmids (see section 3.5.6). This 

transposition conferred gentamicin resistance to cells containing the recombinant bacmid, and disrupted 

expression of LacZα within the miniattTn7 transposition site, preventing complementation of the E. coli 

chromosomal lacZ gene deletion. White colonies growing on media containing gentamicin and 
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kanamycin in the presence of IPTG and X-Gal were screened by colony PCR (see section 3.5.7). The 

gene cassette also restores bacmid polyhedrin protein expression, allowing visual confirmation of the 

presence of the gene cassette after transfection of Sf21 cells (see section 3.5.8). 

 Electroporation 3.5.6

 A single bacterial colony of DH10Bac was inoculated into 25 ml TUM (1% tryptone, 0.5% yeast 

extract, 0.5% NaCl, 0.25% MgSO4∙7H2O, 0.07% KCl) supplemented with kanamycin [50 µg/ml] (to 

select bMON14272) and tetracycline [10 µg/ml] (to select pMON7124), and incubated at 37°C at  

200 rpm, for 16 to 20 hours. The entire overnight culture was added to 500 ml prewarmed (at 37°C) TUM 

media supplemented with kanamycin [50 µg/ml] and tetracycline [10 µg/ml] and incubated at 37°C at  

200 rpm. Once the OD approached 0.8 at an absorbance of 600 nm, the entire culture was chilled on ice 

for 30 minutes, with occasional mixing to ensure even cooling. The culture was divided into two 

prechilled sterile 250 ml polycarbonate centrifuge bottles. The cells were pelleted by centrifugation in the 

JA-14 rotor with a Beckman JA-21 M/E centrifuge (3,300 rpm, 15 minutes, 4°C). The pellets were each 

resuspended in 250 ml prechilled MilliQ H2O on ice by gentle agitation on a shaker, followed by 

centrifugation (3,300 rpm, 15 minutes, 4°C). Each bacterial pellet was resuspended in 62.5 ml prechilled 

10% glycerol on ice by gentle shaking, and transferred into a single sterile 250 ml polycarbonate bottle 

for centrifugation (3,300 rpm, 20 minutes, 4°C). The pellet was resuspended in 40 ml prechilled 10% 

(w/v) glycerol on ice by gentle agitation on a shaker, and transferred into a sterile 50 ml polycarbonate 

bottle. The cell suspension was centrifuged in a JA-20 rotor with the Beckman JA-21 M centrifuge (4,000 

rpm, 20 minutes, 4°C) and the pellet was subsequently resuspended in 1 ml pre-chilled GYT (10% (w/v) 

glycerol, 0.25% (w/v) tryptone, 0.125% (w/v) yeast extract) by gentle pipetting. The OD of a 1:100 

dilution was determined at 600 nm absorbance. Based on the approximation that an OD of 1 at 600 nm is 

equivalent to a concentration of 2.5 x 10
8
 cells/ml, the cells were diluted with the prechilled GYT to a 

concentration between 2 x 10
10

 cells/ml to 3 x 10
10

 cells/ml. The cells were distributed into 50 µl aliquots 

and flash frozen in liquid nitrogen before storage at -80°C.  
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Plasmid DNA (1 µl containing 1 ng DNA in MilliQ H2O) was added to 50 µl of electrocompetent 

DH10Bac cells thawed on ice and gently mixed before transfer into a prechilled Gene Pulser cuvette 

[BioRad]. The MicroPulser [BioRad] was set to option EC2, at 2.5 kV. The cuvette was placed into the 

holding chamber and electroporated. 1 ml of SOC was immediately added to the cuvette, and the 

electroporated cell suspension was transferred to a 1.5 ml microfuge tube. If arcing did not occur, and the 

electroporation had an optimal kV between 2.3 to 2.5 within a time of 4 to 5 milliseconds, the 

electroporated cells were incubated at 37°C on a spinning rotor for four hours before plating. If arcing 

occurred or the kV and millisecond restrictions were not met, the electroporation was repeated. After 

incubation 100 µl to 200 µl of electroporated cell culture was plated on TSB containing kanamycin [50 

µg/ml], gentamicin [10 µg/ml], and tetracycline [10 µg/ml], as well as IPTG [40 µg/ml] and X-Gal [100 

µg/ml]. Plates were incubated at 37°C until the blue/white differentiation of colonies was clearly visible. 

 Screening of clones 3.5.7

Colony PCR (see section 3.3.6) with vector and gene-specific primers (Table 5) was used to 

screen single bacterial colonies to identify positive transformants (plasmid), and to screen single white 

bacterial colonies to identify positive transpositions (bacmid). Positive clones from the colony PCR plate 

were purified by streaking on TSB plates with ampicillin [50 µg/ml] (plasmid) or on TSB plates 

containing kanamycin [50 µg/ml] and gentamicin [10 µg/ml] (bacmid). Two consecutive streak plates 

were done from a single colony of the previous streak plate. A colony from the third streak plate was 

inoculated into overnight culture for purification of plasmid or bacmid DNA by alkaline lysis (see 

sections 3.3.2 and 3.3.3), and for preparation of a frozen culture stock (see section 3.3.1).   

Plasmid and bacmid DNA purifications were confirmed by agarose gel electrophoresis and the 

migration of recombinant and original plasmids was compared to determine if additional DNA, 

presumably the Venus1-gene or Venus2-gene insert, was present. Purified plasmid DNA was analyzed by 

REN mapping (see section 3.3.5) and often PCR (see section 3.3.6). The presence of the pFAcT cassettes 

within purified bacmid DNA was also reconfirmed by PCR (see section 3.3.6). DNA sequencing was 
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     Table 5. Primer pairs for PCR screening of plasmids and bacmids 

Template for Screening Screening Primers 

pHSEH Screening Forward Reverse 

pEHV1Aclef3 and pEHV2Aclef3 
81220370 (V1) 

81220371 (V2) 
C-22911 

pHSEHV1Aclef3 and pHSEHV2Aclef3 C-31480 C-23065 

pHSEHV1Aclef3(aa2-83) and pHSEHV2Aclef3(aa2-83) C-31480 C-23574 

pHSEHV1Acp143 and pHSEHV2Acp143 C-31480 4431 

pHSEHV1Aclef8 and pHSEHV2Aclef8 C-31480 86369738 

pHSEHV1Aclef9 and pHSEHV2Aclef9 C-31480 86369739 

pHSV1Acp47 and pHSV2Acp47 C-1187 C-8636 

pCRIIBluntTOPOSfTBP C-25461 C-25462 

pHSEHV1SfTBP and pHSEHV2SfTBP C-31480 115105054 

pFAcT Screening Forward Reverse 

pFAcTV1eAclef3 and pFAcTV2eAclef3 C-23065 91796187 

pFAcTV1hsAclef3 and pFAcTV2hsAclef3 C-23065 91796187 

pFAcTV1hsAclef3(aa2-83) and pFAcTV2hsAclef2(aa2-83) 
C-31480 

C-12016 

91796187 

C-23574 

pFAcTV1Acp143 and pFAcTV2Acp143 C-12016 4431 

pFAcTV1Aclef8 and pFAcTV2Aclef8 C-12016 86369738 

pFAcTV1Aclef9 and pFAcTV2Aclef9 C-12016 86369739 

pFAcTV1Acp47 and pFAcTV2Acp47 
50310567 (V1) 

C-12016 
C-8683 

pFAcTV1SfTBP and pFAcTV2SfTBP 
C-23065 

C-31480 

91796187 

115105054 

Bacmid Screening Forward Reverse 

bAcV1elef3 and bAcV2elef3 C-26438 47929907 

bAcV1hslef3 and bAcV2hslef3 
C-23574 

C-26438 

C-26439 

47929907 

bAcV1hslef3(aa2-83) and bAcV2hslef3(aa2-83) C-26438 C-23065 

bAcV1p143 and bAcV2p143 4431 C-26439 

bAcV1lef4 and bAcV2lef4 C-26438 C-27853 

bAcV1lef8 and bAcV2lef8 86369738 C-26439 

bAcV1lef9 and bAcV2lef9 86369739 C-26438 

bAcV1p47 and bAcV2p47 C-8683 C-26438 

bAcV1SfTBP and bAcV2SfTBP 115105054 C-26439 
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used to confirm the PCR fusion and cloning REN sites in pHSEH and pFAcT (see section 3.3.7). Primers 

used for sequencing are listed in Table 6. Expression of recombinant proteins from the generated plasmids 

was assessed by SDS-PAGE and immunoblotting of transfected whole cell lysates (see section 3.4).  

 Virus generation methodology 3.5.8

Recombinant bacmid DNA was transfected into Sf21 cells to generate budded virus stocks (see 

section 3.1.1). The presence of the pFAcT gene cassettes in bacmids was also confirmed by the 

appearance of polyhedra (see section 3.5.5). The bacmid DNA transfection supernatants were propagated 

to generate P1 and P2 budded virus stocks (see section 3.2.2). The virus stocks were titrated by TCID50 

assays (see section 3.2.3). Infected whole cell lysates were analyzed by SDS-PAGE and immunoblotting 

to confirm recombinant fusion protein expression and assess the relative mobilities (see section 3.4). 

 Bimolecular fluorescence complementation assays 3.6

 Transfections and infections 3.6.1

To assess protein-protein interactions in the absence of other viral proteins, 2 x 10
6
 Sf21 cells 

seeded on 22 mm
2
 square coverslips in 6-well plates or 35 mm petri dishes were transfected or 

cotransfected with the indicated plasmids (see section 3.1.1). To assess protein-protein interactions in the 

presence of all viral proteins, 1 x 10
6
 Sf21 cells seeded on 22 mm

2
 square coverslips in 6-well plates or  

35 mm petri dishes were infected or coinfected (MOI 1 or MOI 5 for each virus) with P2 budded virus 

stocks (see section 3.2.1). If heat shock was included the cells were incubated in a 42°C water bath for 30 

minutes at 22 hpt or 22 hpi, and then incubated again at 28°C before slide preparation at 24 hpt or 24 hpi. 

 Preparation of slides for microscopy 3.6.2

At 24 hours post transfection or infection cells were incubated on ice for 10 minutes, before 

removing the media. The cells were washed three times with 1 ml of 1x BAC-PBS, and then fixed with  

1 ml prechilled 100% methanol for 10 minutes at 4°C. The methanol was subsequently removed and the 

cells were air dried for 20 minutes at RT. The cells were examined by light microscope to confirm their 

dehydration. The cells were rehydrated in 2 ml of 1x PBS (13.7 mM NaCl pH 7.4, 10 mM Na2HPO4, 
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    Table 6. Primers and target regions for sequencing of pHSEH and pFAcT constructs 

Venus-gene Fusion 
pEH/pHS/pHSEH Plasmid Sequencing pFAcT Plasmid Sequencing 

Primers Target Region Primers Target Region 

V1-eAclef3 

V2-eAclef3 

41929906 C-terminus of eAclef-3 into eAclef-3 
47929908 N-terminus of Aclef-3 into Venus1/Venus2 

41929907 C-terminus of eAclef-3 through NotI REN site 

41929908 N-terminus of eAclef-3 into Venus1/Venus2 47929909 N-terminus of Aclef-3 forward 

V1-hsAclef3 

V2-hsAclef3 
not sequenced 86369737 5’ to XbaI site through hsp70 promoter into Venus1/Venus2 

V1-Acp143 

 

V2-Acp143 

C-22911 pHSEH plasmid 3’ to NotI site into C-terminus of Acp143 4431 N-terminus of Acp143 into Venus1/Venus2 

C-31480 3’ to hsp70 TATA box into Venus1/Venus2 
53406490 Venus1/Venus2-p143 junction into Venus1/Venus2 

53406491 Venus1/Venus2-p143 junction into Acp143 

53406491 Venus1/Venus2-p143 junction into Acp143 
86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 

91796187 pFAcT downstream of NotI site into C-terminus of Acp143 

V1-Aclef4 

V2-Aclef4 
C-31480 3’ to hsp70 TATA box into Venus1/Venus2 

C-31480 3’ to hsp70 TATA box into Venus1/Venus2 

53406490 Venus1/Venus2-lef4 junction into Venus1/Venus2 

53406491 Venus1/Venus2-lef4 junction into Aclef-4 

V1-Aclef8 

C-22911 pHSEH plasmid 3’ to NotI site into C-terminus of Acp143 53406490 Venus1-lef8 junction into Venus1 

C-31480 3’ to hsp70 TATA box into Venus1 
53406491 Venus1-lef8 junction into Aclef-8 

86369737 5’ to XbaI site through hsp70 promoter into Venus1 

86369738 N-terminus of Aclef-8 into Venus1 
86369738 N-terminus of Aclef-8 into Venus1 

91796187 pFAcT 3’ to NotI site into C-terminus of Aclef-8 

93962297 Internal Aclef-8 towards C-terminus 93962297 Internal Aclef-8 towards C-terminus 

93962298 Internal Aclef-8 towards N-terminus 93962298 Internal Aclef-8 towards N-terminus 

V2-Aclef8 

C-22911 pHSEH downstream of NotI site into C-terminus of Aclef-8 53406490 Venus2-lef8 junction into Venus2 

C-31480 3’ to hsp70 TATA box into Venus2 
53406491 Venus2-lef8 junction into Aclef-8 

86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 

86369738 N-terminus of Aclef-8 into Venus2 
86369738 N-terminus of Aclef-8 into Venus2 

91796187 pFAcT 3’ to NotI site into C-terminus of Aclef-8 

V1-Aclef9 

 

V2-Aclef9 

C-22911 pHSEH downstream of NotI site into C-terminus of Aclef-9 53406490 Venus1/Venus2-lef9 junction into Venus1/Venus2 

C-31480 Downstream of hsp70 TATA box into Venus1/Venus2 
53406491 Venus1/Venus2-lef9 junction into Aclef-9 

86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 

86369739 N-terminus of Aclef-9 into Venus1/Venus2 
86369739 N-terminus of Aclef-9 into Venus1/Venus2 

91796187 pFAcT 3’ to NotI site into C-terminus of Aclef-9 

V1-Acp47 

C-12016 Polyhedrin gene into hsp70 promoter in pHSEH C-8636 C-terminus of Acp47 towards Venus1 

C-22911 pHSEH downstream of NotI site into C-terminus of Acp47 
50310568 5’ to XbaI site through hsp70 promoter into Venus1/2 

C-27856 pFAcT downstream of NotI site into C-terminus of Acp47 

C-31480 Downstream of hsp70 TATA box into Venus1 
86369737 Internal Acp47 towards NotI REN site 

91796187 5’ to XbaI site through hsp70 promoter into Venus1/2 

V2-Acp47 

C-12016 Polyhedrin gene into hsp70 promoter in pHSEH C-8636 Internal Acp47 towards NotI REN site 

C-22911 pHSEH downstream of NotI site into C-terminus of Acp47 50310568 Venus2-p47 junction into Acp47 

C-31480 Downstream of hsp70 TATA box into Venus2 86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 

V1-SfTBP 

V2-SfTBP 

C-22911 pHSEH downstream of NotI site into C-terminus of SfTBP 
86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 

C-31480 Downstream of hsp70 TATA box into Venus1/Venus2 

V1/V2-hsAclef3(aa2-83) not sequenced 86369737 5’ to XbaI site through hsp70 promoter into Venus1/2 
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2.7 mM KCl, 2 mM KH2PO4) for 30 minutes at RT. The cells were again examined by light microscope 

to confirm that they were rehydrated before staining their DNA with 150 µl Hoechst (bis-benzimide 

H33342) diluted to [1 µg/ml] in 1x PBS, for 5 minutes at RT. After three washes with 1ml 1x PBS the 

coverslips were placed cell side down onto a drop of Hydromount aqueous non-fluorescing mounting 

media [National Diagnostics] on glass slides. The coverslip-mounted slides were air dried for at least 15 

minutes before observation by fluorescence microscope. Slides were stored in the dark at 4°C to prevent 

quenching of fluorescence and rapid dehydration of the mounting media. 

 Fluorescence microscopy and image capture 3.6.3

Cells were observed using a 60x oil immersion lens (NA 0.45) on a Nikon TE200 inverted 

microscope. Photography was done with a cooled CCD camera (Cool Snap HQ) [Roper Scientific] and 

images were compiled using Metamorph Software [Molecular Devices, LLC]. Images were captured of 

cells in brightfield view, Hoechst stain fluorescence (DAPI filter at 457 nm), and Venus fluorescence 

(FITC filter at 528 nm). Fluorescence observed with the FITC filter was considered to be 

autofluorescence if all of the cells had similar fluorescence that was not bright at low exposure. Cell 

fluorescence was considered to be Venus fluorescence if it was very bright in comparison to surrounding 

cells. Quantitative assessments were initially done to confirm differences in the fluorescence intensities of 

cells considered to be positive and negative for BiFC and Venus fluorescence.  

Fields of view selected for image capture were representative of the cell population and 

fluorescence of each assessed BiFC assay. An effort was made to include what were considered as 

autofluorescing cells and cells with Venus fluorescence, for a visual comparison of BiFC results and 

controls determined to be positive or negative. Images were processed with MetaMorph Software, 

converted to 8-bit format, and exported. The photos were prepared as figures in Adobe Photoshop and 

Adobe Illustrator [Adobe Systems Inc.]. The 500 x 500 pixel cuts of images shown in the results chapter 

and Appendix C are similarly representative of the cell population and fluorescence observed for the 

single fusion protein controls and each protein-protein interaction examined by transfection or infection.  
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Chapter 4 

Results 

 Generation of Venus1 and Venus2 fusions and PCR fusion plasmids 4.1

In this study, the self-associations and inter-subunit interactions of the baculovirus core RNApol 

subunits, and the interactions of its subunits with LEF-3, P143, and S. frugiperda TBP, were to be 

assessed by bimolecular fluorescence complementation assays. BiFC assays require fusions of 

complementary fragments of a fluorescent protein to the N-termini or C-termini of proteins for which an 

interaction is to be assessed. PCRs were used to amplify the Venus1 (aa1-158) fragment from 

pBSV1Aclef3, and the Venus2 (aa159-239) fragment from pBSV2Aclef3. The N-terminal regions of the 

essential in vitro transcription subunits of the AcMNPV RNA polymerase (LEF-4, LEF-8, LEF-9, P47) 

and viral DNA replication proteins LEF-3 and P143 were amplified by PCR from the pHSEH lef library, 

while N-terminal LEF-3(aa2-83) was amplified from pHSEHAclef3(aa2-83). The LEF-3(aa2-83) protein 

is comprised of the first 83 amino acids of the 385aa LEF-3 protein.  

The primers used for these amplifications were designed to incorporate opposite orientation 

overlapping sequences in the regions of sequences to be fused, between Venus1 or Venus2 and the  

5’ region of each gene of interest (see section 3.5.1.1). The Venus1 and gene or Venus2 and gene 

amplicons were combined as templates in a subsequent PCR with the flanking primers, so the PCRs 

generated Venus1-gene and Venus2-gene fusions. Most of these PCR fusions also contained HA epitope 

and His6x sequences for immunodetection of Venus1 and Venus2 fusion proteins. The linker sequence 

(Gly4Ser)2 was also included so steric hindrance would not prevent reassociation of the Venus 1 and 

Venus2 fragments after interaction of their fusion proteins. These PCR fusions were cloned into pHSEH 

lef library plasmids to generate PCR fusion plasmids. All of the plasmids, bacmids, and baculovirus made 

in this study containing Venus1-gene and Venus2-gene fusions are listed in Table 7.  
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              Table 7. Summary of generated plasmid, bacmid, and baculovirus constructs 

PCR Fusion Plasmid pFAcT Plasmid Bacmid Baculovirus 
Expressed 

Protein 

Fusion 

PCR 

pEHV1Aclef3 pFAcTV1eAclef3 bAcV1elef3 vAcV1elef3 V1-eLEF3 
4.1.1.1 

pEHV2Aclef3 pFAcTV2eAclef3 bAcV2elef3 vAcV2elef3 V2-eLEF3 

pHSEHV1Aclef3 pFAcTV1hsAclef3 bAcV1hslef3 vAcV1hslef3 V1-hsLEF3 

4.1.1 

pHSEHV2Aclef3 pFAcTV2hsAclef3 bAcV2hslef3 vAcV2hslef3 V2-hsLEF3 

pHSEHV1Aclef3(aa2-83) pFAcTV1hslef3(aa2-83) bAcV1hslef3(aa2-83) vAcV1hslef3(aa2-83) V1-hsLEF3(aa2-83) 

pHSEHV2Aclef3(aa2-83) pFAcTV2hslef3(aa2-83) bAcV2hslef3(aa2-83) vAcV2hslef3(aa2-83) V2-hsLEF3(aa2-83) 

pHSEHV1Acp143 pFAcTV1Acp143 bAcV1p143 vAcV1p143 V1-P143 

pHSEHV2Acp143 pFAcTV2Acp143 bAcV2p143 vAcV2p143 V2-P143 

pHSEHV1Aclef4 pFAcTV1Aclef4 bAcV1lef4 vAcV1lef4 V1-LEF4 

pHSEHV2Aclef4 pFAcTV2Aclef4 bAcV2lef4 vAcV2lef4 V2-LEF4 

pHSEHV1Aclef8 pFAcTV1Aclef8 bAcV1lef8 vAcV1lef8 V1-LEF8 

pHSEHV2Aclef8 pFAcTV2Aclef8 bAcV2lef8 vAcV2lef8 V2-LEF8 

pHSEHV1Aclef9 pFAcTV1Aclef9 bAcV1lef9 vAcV1lef9 V1-LEF9 

pHSEHV2Aclef9 pFAcTV2Aclef9 bAcV2lef9 vAcV2lef9 V2-LEF9 

pHSV1Acp47 pFAcTV1Acp47 bAcV1p47 vAcV1p47 V1-P47 
4.1.1 

pHSV2Acp47 pFAcTV2Acp47 bAcV2p47 vAcV2p47 V2-P47 

pHSEHV1SfTBP pFAcTV1SfTBP bAcV1SfTBP vAcV1SfTBP V1-SfTBP 
4.1.2 

pHSEHV2SfTBP pFAcTV2SfTBP bAcV2SfTBP vAcV2SfTBP V2-SfTBP 
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 Venus1 and Venus2 fusions to baculovirus proteins 4.1.1

Venus1 and Venus2 fusions with AcMNPV lef-3, lef-3(aa2-83), lef-4, lef-8, lef-9, and p143, were 

constructed in a similar manner. As an example, construction of pHSEHV1Aclef9 and pHSEHV2Aclef9 

is outlined in Figure 2. The HA epitope, His6x tag, and 5’ sequences of AcMNPV lef-3, lef-4, lef-8, lef-9, 

or p143, were amplified from corresponding pHSEH lef library plasmids with primer 53406491  

(5’-TGGAGGTGGTGGGTCCAGCTCCCGATACCCATACGA-3’) and a gene-specific primer  

(lef3: C-23574 (5’-CTCATTGATGTCGTCAAAAGTGTAATGGTATTC-3’); lef-4: C-27854 (5’-TCGC 

CATCGTGGAATCAAATAG-3’); lef-8: 86369738 (5’-CAGCACAGAATTTAAATCTTCCG-3’); lef-9: 

86369739 (5’-GATGACACCGTGTGTAAGTTTG-3’); p143: 4431 (5’-GGTATCGTGGGTTCGATG 

AC-3’)), to make N-Aclef3 (232 bp), N-Aclef4 (518 bp), N-Aclef8 (579 bp), N-Aclef9 (524 bp), and N-

Acp143 (606 bp). N-Aclef3(aa2-83) was also amplified from pHSEHAclef3(aa2-83) (Chen & Carstens, 

2005) with primers 53406491 and C-23574 (232 bp). Part of the hsp70 promoter and complete 

downstream Venus1 and linker sequences were amplified from pBSV1Aclef3 (for AcMNPV lef-3,  

lef-3(aa2-83), lef-8, lef-9, and p143) with C-26438 (5’-CCCAGTCACGACGTTGTAAAACG-3’) and 

53406490 (5’-TGGGTATCGGGAGCTGGACCCACCACCTCCAGAGC-3’) (HSP70-Venus1: 1206 

bp), or pHSV1Acp47 (for AcMNPV lef-4) with primers C-22910 (5’-CAAACCCTTCGATTATCTCT 

AAC-3’) and 53406490 (HSP70-Venus1: 1156 bp). Venus2 and its 5’ hsp70 promoter and 3’ linker were 

amplified from pHSV2Acp47 with primers C-22910 and 53406490 (HSP70-Venus2: 928 bp). Primers 

53406490 and 53406491 incorporated an opposite orientation overlapping region (bold) into the PCR 

products to facilitate subsequent PCR fusions.  

 The PCR products of the appropriate HSP70-Venus1 and N-Aclef amplicons were used as 

templates in fusion PCR with a primer flanking the HSP70-Venus1 sequence (C-26438; or C-22910 for 

lef-4) and with a primer specific for each AcMNPV lef gene sequence (lef-3 and lef3(aa2-83): C-23574; 

lef-4: C-27854; lef-8: 86369738; lef-9: 86369739; p143: 4431) to generate V1-Aclef3 (1347 bp),  

V1-Aclef3(aa2-83) (1347 bp), V1-Aclef4 (1643 bp), V1-Aclef8 (1770 bp), V1-Aclef9 (1803 bp), and  
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Figure 2. Construction of pHSEHV1Aclef9 and pHSEHV2Aclef9 
 

A region containing the hsp70 promoter, Venus1, and the linker sequence to the 5’ end of AcMNPV lef-3, was 

amplified by PCR from pBSV1Aclef3 with primers C-26438 and 53406490. A region containing the hsp70 

promoter, Venus2, and the linker sequence to the 5’ end of AcMNPV p47, was amplified with primers C-22910 and 

53406490 from pHSEHV2Acp47. The 5’ region of AcMNPV lef-9 and the HA epitope and His6x tag sequences 

were amplified from pHSEHAclef9 with primers 53406491 and 86369739. The HSP70-Venus1 amplicon was fused 

to N-Aclef9 by PCR with primers C-26438 and 86369739. The HSP70-Venus2 amplicon was fused to N-Aclef9 by 

PCR with primers C-22910 and 86369739. V1-Aclef9 and V2-Aclef9 were digested with XbaI and BglII, ligated 

into pHSEHAclef9 digested with XbaI and BglII, and transformed into DH5α CaCl2-competent E. coli. Positive 

clones of pHSEHV1Aclef9 and pHSEHV2Aclef9 were identified by PCR and REN digestions. 
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V1-Acp143 (1794 bp). The HSP70-Venus2 and N-Aclef amplicons were similarly used as templates in 

fusion PCRs with a primer flanking the HSP70-Venus2 sequence (C-22910) and a primer specific for 

each AcMNPV lef gene sequence, as indicated above, to generate V2-Aclef3 (1159 bp),  

V2-Aclef3(aa2-83) (1159 bp), V2-Aclef4 (1439 bp), V2-Aclef8 (1492 bp), V2-Aclef9 (1525 bp), and  

V2-Acp143 (1503 bp). PCR fusion products V1-Aclef3, V2-Aclef3, V1-Aclef3(aa2-83),  

V2-Aclef3(aa2-83), V1-Aclef4, V2-Aclef4, V1-Aclef9, V2-Aclef9, and V2-Acp143 were digested with 

XbaI and BglII and cloned into corresponding pHSEH lef library plasmids digested with XbaI and BglII to 

make pHSEHV1Aclef3, pHSEHV2Aclef3, pHSEHV1Aclef3(aa2-83), pHSEHV2Aclef3(aa2-83), 

pHSEHV1Aclef4, pHSEHV2Aclef4, pHSEHV1Aclef9, pHSEHV2Aclef9, and pHSEHV2Acp143. PCR 

fusion products V1-Aclef8, V2-Aclef8, and V1-Acp143 were digested with XbaI and XhoI and cloned 

into corresponding pHSEH lef library plasmids digested with XbaI and XhoI, to generate 

pHSEHV1Aclef8, pHSEHV2Aclef8, and pHSEHV1Acp143. 

 V1-P47 and V2-P47 fusions were constructed in a slightly different manner than the other 

Venus1 and Venus2 fusion proteins, because of the presence of an XbaI site within the AcMNPV p47 

sequence. As shown in Figure 3, the entire AcMNPV p47 ORF was amplified from pHSEHAcp47 with 

primers 50310568 (5’-GGAGGTGGTGGGTCCTTTGTCACCCGGTTGGAG-3’) and C-22911  

(5’-AACAGTTCACCTCCCTTTTC-3’) (AcP47: 1396 bp). The hsp70 promoter and Venus1 were 

amplified with C-26438 and 50310567 (5’-CAACCGGGTGACAAAGGACCCACCACCTCCAG-3’) 

(HSP70-Venus1: 1206 bp) from pBSV1Aclef3. The same primer pair was used to amplify the hsp70 

promoter sequence and Venus2 from pBSV2Aclef3 (HSP70-Venus2: 963 bp). Primers 50310567 and 

50310568 introduced an overlapping opposite orientation sequence (bold) to the 3’ ends of the HSP70-

Venus1 and HSP70-Venus2 amplicons, and to the 5’ end of the AcP47 amplicon, to facilitate their fusion. 

The PCR amplicons of HSP70-Venus1 and AcP47, as well as HSP70-Venus2 and AcP47, were used as 

templates in PCRs with flanking primers C-22911 and C-26438 to fuse HSP70-Venus1 and AcP47  

(V1-Acp47: 2570 bp), and HSP70-Venus2 and AcP47 (V2-Acp47: 2343 kb). The fusion PCR products 

were digested with XhoI and NotI and cloned into XhoI and NotI-digested pBSHSAclef3 to make  
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Figure 3. Construction of pHSV1Acp47 and pHSV2Acp47 

 
The D. melanogaster hsp70 promoter sequence and Venus1 were amplified from pBSV1Aclef3 with primers  

C-26438 and 50310567. The hsp70 promoter and Venus2 were amplified from pBSV2Aclef3 with primers C-26438 

and 50310567. The AcMNPV p47 open reading frame was amplified from pHSEHAcp47 with primers 50310568 

and C-22911. The HSP70-Venus1 and AcP47 amplicons, or HSP70-Venus2 and AcP47 amplicons, were fused via 

PCR with the flanking primers C-26438 and C-22911. The V1-Acp47 and V2-Acp47 fusions were digested with 

XhoI and NotI, ligated into similarly digested pBHSAclef3, and transformed into DH5α CaCl2-competent E. coli. 

PCR and restriction enzyme digestion analyses were used to screen for positive clones of pBSV1Acp47 and 

pBSV2Acp47. The entire Acp47 sequence and the N-terminal Venus1 or Venus2 sequences were excised from 

pBSV1Acp47 and pBSV2Acp47 by XbaI (two sites) and SacI restriction endonuclease digestions. The XbaI/XbaI 

V1-Acp47 and V2-Acp47 inserts were ligated into XbaI-digested pHSEHAcp47 and transformed into DH5α CaCl2-

competent E. coli. Positive clones of pHSV1Acp47 and pHSV2Acp47 were identified by PCR and restriction 

endonuclease digestion analyses. 
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pBSV1Acp47 and pBSV2Acp47. Dr. Mei Yu made pBSHSAclef3 by subcloning the XbaI/NotI insert of 

pHSEHAclef3 into XbaI/NotI-digested pBlueScriptSK(-). pBSV1Acp47 and pBSV2Acp47 were digested 

with XbaI and SacI, and the XbaI inserts were cloned into XbaI-digested and dephosphorylated 

pHSEHAcp47 to make pHSV1Acp47 and pHSV2Acp47. These plasmids do not contain an HA epitope 

or His6x tag for immunodetection. 

 Alternate Venus1 and Venus2 fusions of LEF-3 4.1.1.1

While transfection-based BiFC studies commonly use strong non-endogenous promoters for 

transcription of Venus1-gene and Venus2-gene fusions (Kodama & Hu, 2012), it was unknown if 

differences in the temporal expression and levels of mRNAs transcribed from endogenous versus non-

endogenous promoters would alter the observed BIFC fluorescence results during infection. An additional 

set of Venus1 and Venus2 fusions to AcMNPV lef-3 were constructed, as detailed below. These fusions 

were designed for transcription from the endogenous AcMNPV lef-3 promoter sequence, as opposed to 

the hsp70 promoter. Consequently, the LEF-3 fusion proteins are referred to as eLEF-3 (if expressed from 

the AcMNPV lef-3 promoter) or hsLEF-3 (if expressed from the hsp70 promoter).  

As shown in Figure 4, the wildtype AcMNPV lef-3 promoter was amplified with primers  

C-24244 (5’-AACCGCTCTAGAGCACGCTCAGCAAAACTATAC-3’) and C-25387 (5’-GTAATTTTC 

TCTAATGCGTTTTATAAGCGGC-3’) from purified AcMNPV DNA (433 bp). Primer C-24244 was 

designed to introduce an XbaI REN site (underlined) into the PCR product. The PCR product also has an 

internal BglII REN site. The endogenous AcMNPV lef-3 promoter PCR product was digested with XbaI 

and BglII and cloned into pHSEHAclef3 digested with XbaI and BglII to generate pEHAclef3. Venus1 

and the 5’ region of AcMNPV lef-3 were amplified from pBSV1Aclef3 by PCR amplification with the 

flanking primers 81220370 (5’-GCAAAAGATCTATGGTGAGCAAGGGCGAGG-3’) and 47929913 

(5’-ACAAAGATCTTTTGGTCGCGGACCCACCACCTCCAGAGC-3’) (V1-Aclef3: 540 bp). Venus2 

and the 5’ region of AcMNPV lef-3 were obtained by PCR amplification from pBSV2Aclef3 with the 

flanking primers 81220371 (5’-GCAAAAGATCTATGAAGAACGGCATCAAGGC-3’) and 47929913  
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Figure 4. Construction of pEHV1Aclef3 and pEHV2Aclef3 
 

The endogenous lef-3 promoter sequence was amplified from AcMNPV DNA with primers C-24244 and C-25387. 

The PCR product was digested with XbaI and BglII, ligated into pHSEHAclef3 digested with XbaI and BglII, and 

transformed into DH5α CaCl2-competent E. coli. Clones of pEHAclef3 were identified by PCR screening and REN 

digestion analysis. Venus1 and the N-terminal region of AcMNPV lef-3 were amplified from pBSV1Aclef3 with 

primers 81220370 and 47929913. Primers 81220371 and 47929913 were used to amplify Venus2 and the  

N-terminal region of AcMNPV lef-3 from pBSV2Aclef3. The PCR products were digested with BglII, ligated into 

BglII-digested pEHAclef3, and transformed into DH5α CaCl2-competent E. coli. PCR and REN digestions identified 

positive clones of pEHV1Aclef3 and pEHV2Aclef3. 
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(V2-Aclef3: 313 bp). Primers 81220370, 81220371, and 47929913 contain BglII sites (underlined). V1-

Aclef3 and V2-Aclef3 were digested with BglII and ligated into BglII-digested and dephosphorylated 

pEHAclef3 to make pEHV1Aclef3 and pEHV2Aclef3. These plasmids therefore contain the endogenous 

AcMNPV lef-3 promoter sequence but do not contain HA epitope or His6x tag sequences. 

 Construction of pHSEHV1SfTBP and pHSEHV2SfTBP 4.1.2

To generate Venus1 and Venus2 fusions with the S. frugiperda TATA binding proteins, as 

illustrated in Figure 5, the S. frugiperda TATA binding protein gene sequence tbp was amplified from its 

mRNA sequence in pcDNAIISfTBP with primers 115105053 (5’-CACCACAGATCTAAAATGGATCA 

AATGCTACCG-3’) and 115105054 (5’-CTAGTCGCGGCCGCTTATTGCTTTTTAAAGC-3’) (SfTBP: 

953 bp), which respectively contain sequences for BglII and NotI REN sites (underlined). The PCR 

product was blunt cloned into pCRIIBluntTOPO and transformed into competent MACH E. coli with the 

TOPO Blunt-End Cloning Kit [Invitrogen]. pHSEHV1Aclef9 and pHSEHV2Aclef9 (see section 4.1.1 

and Figure 2) were digested with RENs BglII and NotI to remove the entire AcMNPV lef-9 open reading 

frame, and the SfTBP insert from BglII and NotI REN digestions of pCRIIBluntTOPOSfTBP was 

subcloned into those digested pHSEH plasmids to make pHSEHV1SfTBP and pHSEHV2SfTBP. 

 Confirmation of Venus1-gene and Venus2-gene inserts in PCR fusion plasmids 4.1.3

Transformants containing recombinant PCR fusion plasmids were initially identified by colony 

PCR with vector and gene-specific primers (see section 3.5.7). Plasmids purified by alkaline lysis were 

subsequently assessed by restriction mapping with XbaI REN digestion to linearize the plasmids. The 

purified plasmid sequences were also reconfirmed by PCR. Double digestions with XbaI and NotI were 

done to confirm the presence of the Venus1-gene and Venus2-gene inserts in each of the constructed PCR 

fusion plasmids (Figure 6). All of the excised inserts, according to their relative migrations, were of the 

expected molecular weights (Table 8), which indicated that the constructed PCR fusion plasmids 

contained Venus1-gene and Venus2-gene fusion sequences. 
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Figure 5. Construction of pHSEHV1SfTBP and pHSEHV2SfTBP 

The mRNA sequence of S. frugiperda TATA binding protein was amplified from pcDNAIISfTBP with primers 

115104053 and 115105054 and blunt cloned into pCRIIBluntTOPO before transformation into competent MACH E. 

coli. Positive clones of pCRIIBluntTOPOSfTBP were identified by colony PCR. pCRIIBluntTOPOSfTBP was 

purified and digested with BglII and NotI. The insert was subcloned into pHSEHV1Aclef9 and pHSEHV2Aclef9 

similarly digested with BglII and NotI, and transformed into DH5α CaCl2-competent E. coli. Positive clones of 

pHSEHV1SfTBP and pHSEHV2SfTBP were identified by PCR and REN digestions. 

 



 

65 

 

 

Figure 6. Confirmation of V1-gene and V2-gene inserts in PCR fusion plasmids  

Each plasmid of the PCR fusion plasmid library was purified from an overnight bacterial culture by alkaline lysis. 

The plasmids were digested with restriction endonucleases XbaI and NotI to excise their Venus1-gene or  

Venus2-gene inserts. The digestion products were then separated on an agarose gel by electrophoresis. The 

molecular weight of each fragment was estimated from its migration relative to a DNA ladder and compared to its 

expected molecular weight (see Table 8). The fragments of Venus1-gene and Venus2-gene inserts expected to be 

excised from the PCR fusion plasmids, the location of the digested vector, and the DNA ladder kb standards are 

labelled. 

 

Digested Plasmids:A. 1) pEHV1Aclef3; 2) pEHV2Aclef3; 3) pHSEHV1Acp143; 4) pHSEHV2Acp143;  

5) pHSEHV1Aclef4; 6) pHSEHV2Aclef4; 7) pHSEHV1Aclef8; 8) pHSEHV2Aclef8; 9) pHSEHV1Aclef9;  

10) pHSEHV2Aclef9; 11) pHSV1Acp47; 12) pHSV2Acp47; B. 13) pHSEHV1Aclef3; 14) pHSEHV2Aclef3 

C. 15) pHSEHV1Aclef3(aa2-83); 16) pHSEHV2Aclef3(aa2-83); D. 17) pHSEHV1SfTBP;  

18) pHSEHV2SfTBP
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Table 8. Sizes of constructed plasmids and XbaI/NotI restriction endonuclease digestion fragments 

PCR fusion plasmids pFAcT plasmids XbaI/NotI  

Insert Size Plasmid Size (bp) Plasmid Size (bp) 

pEHV1Aclef3 8258 pFAcTV1eAclef3 8065 2231 bp 

pEHV2Aclef3 8030 pFAcTV2eAclef3 7837 2003 bp 

pHSEHV1Aclef3 8489 pFAcTV1hsAclef3 8296 2462 bp 

pHSEHV2Aclef3 8261 pFAcTV2hsAclef3 8068 2234 bp 

pHSEHV1Aclef3(aa2-83) 7583 pFAcTV1hslef3(aa2-83) 7390 1556 bp 

pHSEHV2Aclef3(aa2-83) 7355 pFAcTV2hslef3(aa2-83) 7162 1328 bp 

pHSEHV1Acp143 11,041 pFAcTV1Acp143 10,848 5014 bp 

pHSEHV2Acp143 10,814 pFAcTV2Acp143 10,621 4787 bp 

pHSEHV1Aclef4 8545 pFAcTV1Aclef4 8352 2518 bp 

pHSEHV2Aclef4 8317 pFAcTV2Aclef4 8124 2290 bp 

pHSEHV1Aclef8 9875 pFAcTV1Aclef8 9682 3848 bp 

pHSEHV2Aclef8 9647 pFAcTV2Aclef8 9454 3620 bp 

pHSEHV1Aclef9 8701 pFAcTV1Aclef9 8508 2674 bp 

pHSEHV2Aclef9 8473 pFAcTV2Aclef9 8280 2446 bp 

pHSV1Acp47 8300 pFAcTV1Acp47 7508 599 bp; 1674 bp 

pHSV2Acp47 8072 pFAcTV2Acp47 7280 599 bp; 1446 bp 

pHSEHV1SfTBP 8066 pFAcTV1SfTBP 7873 2039 bp 

pHSEHV2SfTBP 7838 pFAcTV2SfTBP 7645 1811 bp 

 
XbaI and NotI digestion of the constructed PCR fusion plasmids resulted in a 6027 bp vector fragment. XbaI and 

NotI digestion of the constructed pFAcT plasmids resulted in a 5834 bp vector fragment, with the exceptions of 

pFAcTV1Acp47 and pFAcTV2Acp47. XbaI and NotI digestion of those plasmids produced pFAcT vector fragments 

of 5900 bp (Venus1) or 5852 bp (Venus2), because of the presence of an additional XbaI site (Figure 3). 
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 Expression of Venus1 and Venus2 fusion proteins from PCR fusion plasmids 4.2

The hsp70 promoter is constitutively expressed at low levels in Sf21 cells (Morris & Miller, 

1992), but its expression is strongly induced by heat shock (Clem & Miller, 1994). The constructed PCR 

fusion plasmids were transfected into Sf21 cells and heat shocked at 22 hpt to induce expression from the 

hsp70 promoter. Whole cell lysates were harvested at 24 hpt and assessed for fusion protein expression by 

SDS-PAGE and immunoblotting (Figure 7). Expression of V1-hsLEF3, V2-hsLEF3, V1-LEF4,  

V2-LEF4, V1-P143, V2-P143, V1-hsLEF3(aa2-83), V2-hsLEF3(aa2-83), V1-SfTBP, and V2-SfTBP was 

detected (lanes 3 to 8; 13 to 18). A standard curve was used to estimate the apparent molecular weights of 

the observed proteins from their relative mobilities, which were as expected (Table 9). Expression of  

V1-eLEF3, V2-eLEF3, V1-LEF8, V2-LEF8, V1-LEF9, or V2-LEF9 was not detected on the shown 

immunoblot (lanes 1 and 2; 9 to 12) and this result was consistent in repeated experiments.  

It was considered that the inability to detect V1-eLEF3 and V2-eLEF3 may indicate that the 

levels of transcript expression from the AcMNPV lef-3 promoter is insufficient for detection of translated 

proteins by immunoblotting, and that V1-LEF8, V2-LEF8, V1-LEF9, and V2-LEF9 may individually be 

unstable. Fluorescence microscopy is a more sensitive approach to detect protein expression than 

immunoblotting (Stynen et al., 2012). LEF-3, LEF-8, and LEF-9 were previously reported to self-

associate (Downie et al., 2013; Crouch et al., 2007), and BiFC complex formation is known to stabilize 

interacting fusion proteins (Morell et al., 2009). Cotransfection of a PCR fusion plasmid pair expressing 

Venus1 and Venus2 fusion proteins was expected to result in fluorescence if their proteins were 

coexpressed and associated. Indeed, fluorescence was observed when cells were cotransfected with the 

plasmid pairs pHSEHV1Aclef8 and pHSEHV2Aclef8, or pHSEHV1Aclef9 and pHSEHV2Aclef9, while 

cells singly transfected with those plasmids had similar fluorescence as single plasmid transfection or 

mock transfection cell autofluorescence (El-Ayoubi, personal communication). These results indicated 

that V1-LEF8, V2-LEF8, V1-LEF9, and V2-LEF9 were expressed from their PCR fusion plasmids, and 

that LEF-8 and LEF-9 form homooligomers in isolation of other viral proteins. Therefore, BiFC assays 

and fluorescence microscopy could be used to confirm the coexpression of interacting proteins. 
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Figure 7. Expression of Venus1 and Venus2 fusion proteins from the PCR fusion plasmids 

Sf21 cells were transfected with 2 µg of each PCR fusion plasmid (see below). Cells were heat shocked at 22 hpt 

and whole cell lysates were collected at 24 hpt. Proteins of an equivalent number of cells of each transfection lysate 

were resolved by SDS-PAGE and electroblotted to a nitrocellulose membrane. Expression of each Venus fragment 

fusion protein was assessed by immunoblotting. Primary antibodies were applied that were specific for LEF-3 

(1:3000) to detect V1-eLEF3 and V2-eLEF3 (A; lanes 1 and 2), or P47 (1:1000) to detect V1-P47 and V2-P47  

(A; lanes 13 and14), or the HA epitope (1:5000) to detect V1-hsLEF3, V2-hsLEF3, V1-P143, V2-P143, V1-LEF4, 

V2-LEF4, V1-LEF8, V2-LEF8, V1-LEF9, and V2-LEF9 (A; lanes 3 through 12), V1-hsLEF3(aa2-83) and  

V2-hsLEF3(aa2-83) (B; lanes 15 and 16), and V1-SfTBP and V2-SfTBP (C; lanes 17 and 18). The membranes were 

then probed with HRP-conjugated secondary antibodies (1:50,000) directed against the primary antibodies. The 

relative mobilities of the observed proteins were consistent with their expected molecular weights (see Table 9). The 

expected expressed proteins and the molecular weights of a protein standard are labelled on the immunoblots. Non-

specific bands at ~158 kDa and ~102 kDa are particularly visible on immunoblot A, and those bands were often 

detected on immunoblots probed to detect the HA epitope. The results shown in these immunoblots were consistent 

for at least two expression assessments for each protein. 

 

Transfected Plasmids: A. 1) pEHV1Aclef3; 2) pEHV2Aclef3; 3) pHSEHV1Aclef3; 4) pHSEHV2Aclef3; 

5) pHSEHV1Acp143; 6) pHSEHV2Acp143; 7) pHSEHV1Aclef4; 8) pHSEHV2Aclef4; 9) pHSEHV1Aclef8;  

10) pHSEHV2Aclef8; 11) pHSEHV1Aclef9; 12) pHSEHV2Aclef9; 13) pHSV1Acp47; 14) pHSV2Acp47; 

B. 15) pHSEHV1Aclef3(aa2-83); 16) pHSEHV2Aclef3(aa2-83); C. 17) pHSEHV1SfTBP;  

18) pHSEHV2SfTBP
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  Table 9. Predicted and apparent molecular weights of Venus1 and Venus2 fusion proteins 

Protein 
Endogenous Venus 1 Fusion (17.8 kDa) Venus 2 Fusion (9.1 kDa) 

Predicted Apparent Predicted Apparent Predicted Apparent 

eLEF-3 44.6 kDa 
44 kDa 

63.3 kDa 63 kDa 54.6 kDa 55 kDa 

hsLEF-3 44.6 kDa 65.9 kDa 66 kDa 57.2 kDa 57 kDa 

hsLEF-3(aa2-83) 9.6 kDa - 30.9 kDa 33 kDa 22.2 kDa 25 kDa 

P143 143.2 kDa - 164.5 kDa 159 kDa 155.8 kDa 151 kDa 

LEF4 53.9 kDa - 75.2 kDa 74 kDa 66.5 kDa 66 kDa 

LEF8 101.8 kDa - 123.1 kDa 116 kDa 114.4 kDa 108 kDa 

LEF9 59.3 kDa - 80.6 kDa 75 kDa 71.9 kDa 67 kDa 

P47 47.5 kDa 43 kDa 66.2 kDa 60 kDa 57.5 kDa 52 kDa 

SfTBP 34.1 kDa 38 kDa 55.4 kDa 58 kDa 46.7 kDa 50 kDa 

 
The predicted molecular weights were determined from the amino acid sequences of each protein, based on the 

published AcMNPV C6 strain genome sequence (NC_001623.1) (Ayres et al., 1994). Protein standards were used to 

estimate the apparent molecular weights of bands detected by immunoblotting, according to their relative mobilities 

(shown in Figures 7 and 15).  

 

The linker region for eLEF-3 and P47 protein fusions is 0.88 kDa, so the addition of Venus1 or Venus2 to eLEF-3 

and P47 was predicted to add 18.7 kDa (Venus1) or 10 kDa (Venus2) to the endogenous protein molecular weight. 

The linker region for protein fusions that include the HA epitope and His6x tag (P143, LEF-4, LEF-8, LEF-9, 

hsLEF-3, hsLEF-3(aa2-83), and SfTBP) is 3.71 kDa. Fusion of the Venus fragment (and HA epitope and His6x tags 

in the linker region) to those proteins was predicted to add 21.3 kDa (Venus1) or 12.6 kDa (Venus2) to the 

endogenous protein molecular weight.  
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LEF-3 self-association was considered to be a positive control for PPI and BiFC transfection 

assays. LEF-3 self-association was been observed by a variety of biochemical and genetic approaches 

including immunoprecipitation, Y2H and glutathione-S-transferase assays, and chemical crosslinking 

(Mikhailov et al., 2008; Evans & Rohrmann, 1997), and by BiFC transfection assays with pBSV1Aclef3 

and pBSV2Aclef3 (Downie et al., 2013; Adetola, 2011). Expression of V1-hsLEF3 and V2-hsLEF3 was 

detected by immunobloting (Figure 7A; lanes 3 and 4), so their interaction was initially assessed by BiFC 

(Figure 8A). Only autofluorescence was observed in singly transfected cells (Figure 8A(i) and (ii)), which 

was similar in appearance to the fluorescence of mock transfected cells (Figure 8B(ii)). Mock transfected 

cells had more autofluorescence than untreated cells (Figure 8B(i)), likely from cell membrane disruption 

by the DOPE used in transfection (see section 3.1.1). Fluorescence from coexpression of V1-hsLEF3 and 

V2-hsLEF3 suggested self-association of hsLEF-3. The fluorescence was localized to regions of dsDNA 

stained with Hoechst (cell nuclei) (Figure 8A(iii)). Similar fluorescence was observed after coexpression 

of V1-eLEF3 and V2-eLEF3 (Figure 8C(iii)), despite not detecting their individual expression by 

immunoblotting (Figure 7A; lanes 1 and 2). Individual expression of V1-eLEF3 or V2-eLEF3 (Figure 

8C(i) and (ii)) resulted in similar autofluorescence to mock transfected cells (Figure 8B(ii)). Therefore, 

self-association of LEF-3 (as eLEF-3 or hsLEF-3) in the absence of other viral proteins was detected by 

BiFC, but individually expressed V1-hsLEF3, V2-hsLEF3, V1-eLEF3, and V2-eLEF3, did not fluoresce. 

These results demonstrated that both the AcMNPV lef-3 and hsp70 promoters can be used to transcribe 

mRNAs that are translated into V1-LEF3 and V2-LEF3 fusion proteins. These results also indicated that 

LEF-3 self-association can be used as a positive control for transfection BiFC assays and showed that 

fluorescence microscopy can be used to confirm expression of self-associating fusion proteins not 

individually detected by immunoblotting. 

LEF-3(aa2-83) self-association was assessed in this study as a negative PPI control for BiFC 

assays, because AcMNPV LEF-3(aa2-83) (Downie et al., 2013) and BmNPV LEF-3(aa2-83) (Zhang et 

al., 2014) did not form homooligomers in previous transfection-based BiFC assays. Cotransfection of 

pHSEHV1Aclef3(aa2-83) and pHSEHV2Aclef3(aa2-83) resulted in fluorescence that was similar to cell  
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Figure 8. PCR fusion plasmid BiFC positive control: LEF-3 self-association 
 

Sf21 cells on coverslips were transfected with pHSEHV1Aclef3 (A(i)), pHSEHV2Aclef3 (A(ii)), or 

pHSEHV1Aclef3 and pHSEHV2Aclef3 (A(iii)) to assess hsLEF-3 self-association. Sf21 cells on coverslips were 

likewise transfected with pEHV1Aclef3 (C(i)), pEHV2Aclef3(C(ii)), or pEHV1Aclef3 and pEHV2Aclef3(C(iii)), to 

assess the self-association of eLEF-3. Untreated cells (B(i)) and cells transfected with herring sperm DNA (B(ii); 

mock) were also prepared. The transfections were done with 1 µg of each plasmid with herring sperm DNA to 2 µg 

total DNA. At 22 hpt the cells were heat shocked. At 24 hpt the cells were fixed, stained with Hoechst, and prepared 

for fluorescence microscopy. Images were captured of Hoechst and Venus fluorescence and of whole cells in 

brightfield. Merged fluorescence images are shown. The expressed proteins are indicated beside each image set.  
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autofluorescence of single transfections of either of those plasmids (Figure 9A), or mock transfected cells 

(Figure 8B(ii)). Full-length LEF-3 interacted with LEF-3(aa2-83) in the previous BiFC transfection 

assays (Zhang et al., 2014; Downie et al., 2013). To confirm by microscopy that V1-hsLEF3(aa2-83) and 

V2-hsLEF3(aa2-83) were expressed after transfection, the interactions of V1-hsLEF3(aa2-83) and V2-

hsLEF3, and V2-hsLEF3(aa2-83) and V1-hsLEF3, were reciprocally examined (Figure 9B). Bright 

fluorescence localized to Hoechst-stained regions was seen in both sets of cotransfected cells, 

demonstrating the interaction of LEF-3(aa2-83) with full-length LEF-3. These results confirmed that 

although V1-LEF-3(aa2-83) and V2-LEF3(aa2-83) are expressed, they do not interact, so LEF-3(aa2-83) 

self-association can be used as a negative control for transfection BiFC assays. 

 Construction of pFAcT transfer vectors 4.3

Once it was established that the PCR fusion plasmids expressed the recombinant Venus1 and 

Venus2 fusion proteins, and that the indicated positive and negative controls functioned as expected, the 

generation of recombinant baculoviruses was prioritized. Subcloning of the Venus1-gene and Venus2-

gene fusions from the PCR fusion plasmids into pFAcT transfer vectors was necessary to establish gene 

cassettes that could be transferred directly into bacmids (see section 3.5.1.2). As depicted in Figure 10, 

the PCR fusion plasmids were digested with XbaI (within the hsp70 promoter) and NotI (3' to the fusion 

gene). BamHI digestion was often included to decrease the likelihood of religation of the vector insert 

digestion fragments. The Venus1-gene and Venus2-gene XbaI/NotI inserts were ligated into XbaI and 

NotI digested and dephosphorylated pFAcT to generate a library of pFAcT transfer vectors (see Table 7).   

To confirm the presence of Venus1-gene and Venus2-gene inserts in the generated pFAcT 

plasmids, bacterial colonies containing recombinant pFAcT plasmids were initially screened by colony 

PCR with vector and gene-specific primers (see section 3.5.7). Each purified pFAcT plasmid was then 

assessed by restriction endonuclease digestion with XbaI, as well as by double digestion with XbaI and 

NotI (Figure 11). The molecular weights of the digestion fragments were as expected, according to their 

relative migrations (Table 8), indicating that the pFAcT constructs contained the subcloned Venus1-gene  
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Figure 9. PCR fusion plasmid BiFC negative control: LEF-3(aa2-83) self-association 

Sf21 cells on coverslips were transfected with pHSEHV1Aclef3(aa2-83) (A(i)), pHSEHV2Aclef3(aa2-83) (A(ii)), or 

pHSEHV1Aclef3(aa-83) and pHSEHV2Aclef3(aa2-83) (A(iii)), to investigate the self-association of  

LEF-3(aa2-83). To confirm expression of V1-hsLEF3(aa2-83) and V2-hsLEF3(aa2-83) in the BiFC assays, Sf21 

cells on coverslips were transfected with pHSEHV1Aclef3(aa2-83) and pHSEHV1Aclef3 (B(i)), or 

pHSEHV2Aclef3(aa2-83) and pHSEHV1Aclef3 (B(ii)). All transfections were prepared with 1 µg of each plasmid 

with herring sperm DNA to 2 µg total DNA. The cells were heat shocked at 22 hpt. At 24 hpt the cells were fixed, 

stained with Hoechst, and prepared for fluorescence microscopy. Images were captured of Hoechst and Venus 

fluorescence and of whole cells in brightfield. Merged fluorescence images are also shown. The expected expressed 

proteins are indicated beside each image set.  
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Figure 10. Subcloning of Venus1-gene and Venus2-gene fusions into pFAcT 

As an example, pHSEHV1Aclef9 was digested with RENs XbaI, NotI, and BamHI, to excise its entire V1-Aclef9 

sequence and part of the hsp70 promoter. The XbaI/NotI V1-Aclef9 fragment was ligated into pFAcT digested with 

RENs XbaI and NotI within its MCS. The ligations were transformed into DH5α CaCl2-competent E. coli. 

pFAcTV1Aclef9 clones were identified by PCR and REN digestion analyses. The Venus1-gene and Venus2-gene 

sequences of each plasmid within the PCR fusion plasmid library were subcloned into pFAcT in a similar manner. 
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Figure 11. Confirmation of V1-gene and V2-gene inserts in pFAcT plasmids 

The constructed pFAcT library plasmids with Venus1-gene or Venus2-gene inserts were purified by alkaline lysis 

from overnight bacterial cultures. Each plasmid was digested with restriction endonucleases XbaI and NotI. The 

digestion fragments of vector and Venus1-gene or Venus2-gene insert were separated on an agarose gel by 

electrophoresis. The molecular weight of each fragment was estimated from its migration relative to a DNA ladder 

and compared to its expected molecular weight (see Table 8). The Venus1-gene and Venus2-gene inserts expected 

to be excised from the PCR fusion plasmids, and the digested vector fragment, are labelled on each gel photo. 

 

Digested Plasmids: A. 1) pFAcTV1eAclef3; 2) pFAcTV2eAclef3; 3) pFAcTV1Acp143; 4) pFAcTV2Acp143;  

5) pFAcTV1Aclef4; 6) pFAcTV2Aclef4; 7) pFAcTV1Aclef8; 8) pFAcTV2Aclef8; 9) pFAcTV1Aclef9;  

10) pFAcTV2Aclef9; 11) pFAcTV1Acp47; 12) pFAcTV2Acp47; B. 13) pFAcTV1hsAclef3;  

14) pFAcTV2hsAclef3; C. 15) pFAcTV1hsAclef3(aa2-83); 16) pFAcTV2hsAclef3(aa2-83);  

D. 17) pFAcTV1SfTBP; 18) pFAcTV2SfTBP 
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or Venus2-gene sequences. Expression of the Venus1 and Venus2 fusion proteins from pFAcT plasmids 

was also assayed by SDS-PAGE and immunoblotting of transfected cell lysates, but the fusion proteins 

were not observed under the conditions used for detection of the PCR fusion plasmid fusion proteins (data 

not shown). Various alterations were made to the transfection protocol including changing the quantity of 

plasmid, the time of heat shock and collection, and the time of whole cell lysate collection after heat 

shock. Despite consistent expression from a pHSEHAclef3 control, none of these methods were 

successful in detecting Venus1 or Venus2 fusion protein expression from the pFAcT constructs. 

 Sequencing of PCR fusion and pFAcT plasmids 4.4

 To determine if any sequence modifications were introduced during the PCR and cloning 

procedures, and to verify that the generated Venus1 and Venus2 fusions to genes of interest were in-

frame, two clones of each constructed PCR fusion plasmid and corresponding pFAcT plasmid were 

sequenced. Primers were selected to target the promoter, Venus1-gene and Venus2-gene fusion junctions, 

and regions with REN sites used in cloning (see section 3.5.7 and Table 6). Noted sequence changes were 

likely introduced by PCR amplification, despite the use of a high fidelity DNA polymerase. While the 

AcMNPV lef-3 promoter sequence in pEHV1Aclef3 and pEHV2Aclef3 was as expected (Ayres et al., 

1994), several sequence changes were identified within plasmid hsp70 promoters (Figure 12), which were 

consistent according to the HSP70-Venus1 or HSP70-Venus2 amplicon template (see section 4.1). None 

of the sequence changes were at the hsp70 promoter TSS, or within its TATA box and three upstream 

heat shock elements (Amin et al., 1987; Török & Karch, 1980), so it was not thought that they would 

affect protein expression from the constructed plasmids or subsequently generated recombinant 

baculoviruses. Indeed, Venus1 and Venus2 fusion protein expression from the PCR fusion plasmids was 

detected by immunoblotting or fluorescence microscopy (see section 4.2; Figures 7 to 9), and there was 

no connection between specific sequence changes and the proteins not detected by immunoblot.  

 No sequence changes were identified within the S. frugiperda tbp sequences (Rasmussen & 

Rohrmann, 1994), or in lef-3, lef-4, lef-8, or p143 when their sequences were compared to the available 
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Figure 12. D. melanogaster hsp70 promoter sequences in Venus1 and Venus2 plasmid constructs 

 
As described in sections 4.1 and 4.2 for the construction of the PCR fusion plasmids, the HSP70-Venus1 sequences 

were amplified from pBSV1Aclef3 (for fusions with AcMNPV lef-3, lef-3(aa2-83), lef-8, lef-9, and p143; 

Venus1_pBS) or pHSV1Acp47 (for fusion with AcMNPV lef-4; Venus1_P47). pHSV2Acp47 (Venus2_P47) was 

used as a template for amplification of HSP70-Venus2. The hsp70 promoter sequences of those plasmids, compiled 

from pFAcT and PCR fusion plasmid sequencing data, are compared above to a reference sequence (HSP70_REF) 

for the pHSEH hsp70 promoter (Rapp et al., 1998; Török & Karch, 1980). The displayed sequences include part of 

the XbaI REN site (CTAG) through to the first codon of the Venus fragment sequence (ATG). Sites of nucleotide 

insertion and mutation (red), compared to the reference sequence (blue), are indicated by black arrows at nt 18, nt 

30, nt 32, nt 33, nt 34, nt 37, nt 45, nt 48, nt 163, and nt 164. The same mutations are present in all Venus1 or 

Venus2 hsp70 promoter sequences amplified from the indicated plasmid templates. None of these mutations were 

within the hsp70 promoter heat shock elements (__), TATA box (__), or at the TSS (__). An additional point 

mutation was only detected in the hsp70 promoter of pFAcTV1Acp143 at nt 392 (A to G; black arrow without 

indicated sequence change). 
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AcMNPV C6 strain genome sequence (Ayres et al., 1994). However, sequence changes were identified in 

p47 and lef-9 (Appendix A). In this study, AcMNPV p47 was amplified from pHSEHAcp47, while 

AcMNPV lef-9 was amplified from pHSEHAclef9. The lef sequences in these plasmids were derived 

from the L1 strain of AcMNPV (Rapp et al., 1998). Most of the p47 sequence changes were consistent 

between independent PCR products (Appendix A.1), so they were thought to be sequence polymorphisms 

between the L1 and C6 strains of AcMNPV, rather than spontaneous mutations. It was unknown if 

changes of aa164 from aspartic acid to asparagine, and aa199 from alanine to serine, were spontaneously 

introduced into the lef-9 sequence (Appendix A.2), or if they indicated polymorphisms between the C6 

and L1 strains of AcMNPV. 

 Sequence changes were also noted in Venus1 and Venus2. All Venus1 sequences had a silent 

mutation in the last codon (Figure 13A). This mutation was previously observed in pBSV1Aclef3 

(Adetola, 2011), which was used as a template for Venus1 amplification (see section 4.1). Additional 

Venus1 mutations were noted in pFAcTV1hsAclef3 and pFAcTV1hsAclef3(aa2-83). There were multiple 

mutations in Venus2 sequences (Figure 13B) that were consistent according to when HSP70-Venus2 was 

amplified from pBSV2Aclef3 (see section 4.1). The final Venus2 codon change of AAG to CAA (lysine 

to glutamic acid), present in all Venus2 fusions sequences except V2-Acp143, was previously observed 

within pBSV2Aclef3 (Adetola, 2011). None of the altered amino acids have been identified to be 

important in Venus fluorophore maturation (Nyfeler et al., 2005; Nagai et al., 2002), so any sequence 

changes were not expected to negatively affect BiFC Venus fluorescence. BiFC assays in this study 

included reciprocal assessments of protein-protein interactions with swapping of their Venus1 and 

Venus2 fusion fragments, so any inconsistent positive or negative interaction results from Venus 

fragment mutations would be detected (see section 4.6). While the number of sequence changes was 

unexpected, in particular within the Venus2 fragment sequences, overall DNA sequencing confirmed that 

the PCR fusion plasmids and pFAcT plasmids contained in-frame fusions of Venus1 or Venus2 

sequences to the genes of interest. 
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Figure 13. Alignments of Venus1 and Venus2 nucleotide and amino acid sequences 

A. The sequence of Venus1 from pcDNA3.1\Zeo(+)Venus[1]-GCN4Zip (Venus1_REF), and a sequence that 

incorporates data for all sequencing of Venus1 within the PCR fusion plasmids and pFAcT plasmids generated in 

this study (Venus1 _SEQ), are compared. A point mutation at nt 474 from G to A (i), which did not change the 

translated amino acid (ii), was noted in all Venus1 sequences (red). A mutation was also identified at nt 187 (A to G) 

(i) in pFAcTV1hsAclef3 and pFAcTV1hsAclef3(aa2-83), which changed the translated amino acid (ii) from 

threonine (T) to alanine (A) (blue). An additional mutation was detected in Venus1 of pFAcTV1hslef3 at nt 469 (i), 

which altered translation of lysine (K) to glutamine (Q) (green) (ii). 
 

B. The nucleotide and translated amino acid sequences of Venus2 from pcDNA3.1\Zeo(+)Venus[2]-GCN4Zip 

(Venus2_REF), and the Venus2 sequences from the sequenced PCR fusion and pFAcT plasmids, are compared. The 

Venus2 sequences are grouped according to the identified mutations that affect the translated Venus2 fusion protein 

sequences (see below). Inconsistent silent mutations were detected at nt 142 (C to A), nt 144 (G to A), nt 202 (G to 

T), and nt 240 (G to C). Mutations in the V2-P143 fusion sequence resulted in translation of threonine (T) instead of 

lysine (K) at aa2 (nt 5; A to C), and proline (P) instead of leucine (L) at aa51 (nt 152; T to C). Mutations to 

nucleotides in the last two codons were noted for all Venus2 sequences except the V2-P143 fusion. Specifically, 

tyrosine (Y) was changed to serine (S) at aa81 (nt 242; A to C) in Venus2 fusions V2-LEF9 and V2-SfTBP, while 

lysine (K) was changed to glutamine (Q) at aa82 (nt 246; G to A) in Venus2 fusions V2-P47, V2-LEF4, V2-LEF8, 

V2-eLEF3, V2-hsLEF3, and V2-hsLEF3(aa2-83).  

 

Sequence names: P47+LEF-4: V2-P47 or V2-LEF4 (red); LEF-3+LEF-8: V2-eLEF-3, V2-hsLEF-3, V2-hsLEF-

3(aa2-83), or V2-LEF-8 (purple); LEF-9+SfTBP: V2-LEF9 and V2-SfTBP (green); P143: V2-P143 (blue). 
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 Baculovirus generation and Venus1 and Venus2 fusion protein expression 4.5

To study PPIs by BiFC during infection, recombinant baculoviruses were constructed. This 

process involved transposing the Venus1-gene or Venus2-gene cassettes from the pFAcT transfer vectors 

into bacmids by a bacterial Tn7 transposition mechanism (Figure 14; section 3.5.5). The bacmid is an 

AcMNPV genome with an origin of replication for transposition and propagation in bacteria. AcMNPV 

genomes are infectious in the absence of viral proteins (Carstens et al., 1980), so subsequent transfection 

of the generated bacmid DNA into Sf21 cells led to the production of recombinant budded virions, which 

were propagated to establish budded virus stocks for BiFC assays (Figure 1E to G).  

 Expression of the Venus1 and Venus2 fusion proteins from the recombinant baculoviruses was 

assessed by SDS-PAGE and immunoblotting of infected whole cell lysates (Figure 15). The cell lysates 

were collected at 24 hpi, which was considered to be an appropriate time to assess the expression of the 

recombinant baculovirus RNApol subunits, since the viral RNApol is actively transcribing at that stage of 

infection (Friesen & Miller, 1986). The relative mobility of each expressed protein, according to protein 

standards, was similar to its expected molecular weight (Table 9). V1-eLEF3, V2-eLEF3, V1-P47, and 

V2-P47 were detected with antibodies specific for LEF-3 or P47 (Figure 15; lanes 1 and 2; 11 and 12). 

Endogenous LEF-3 and P47 were observed. Expression of V1-P143, V2-P143, V1-LEF4, V2-LEF4,  

V1-LEF8, V2-LEF8, V1-LEF9, V2-LEF9, V1-hsLEF3, V2-hsLEF3, V1-hsLEF3(aa2-83),  

V2-hsLEF3(aa2-83), V1-SfTBP, and V2-SfTBP, was also confirmed by detection of their HA epitopes 

(Figure 15; lanes 3 to 10; 13 to 18). The relative mobilities of the detected Venus1 and Venus2 fusion 

proteins were similar after baculovirus infection and PCR fusion plasmid transfection (see section 4.2; 

Figure 7). Therefore, the generated baculoviruses expressed the expected Venus1 and Venus2 fusion 

proteins. These results also suggested that a 24 hpi time point could be used to assess PPIs by BiFC. 

 The detection of V1-LEF9, V2-LEF9, V1-P47, and V2-P47 fusion proteins also indicated that the 

mutations in lef-9 and p47 (see section 4.4 and Appendix A) did not prevent their expression. It is 

important to recognize that mRNAs transcribed from the hsp70 promoter are expected to have similar 
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Figure 14. Transposition of pFAcT Venus1-gene and Venus2-gene fusion cassettes into bacmids 

Electrocompetent DH10Bac E. coli were electroporated with the generated pFAcT plasmids containing Venus1-

gene or Venus2-gene inserts to transpose each Venus-gene cassette into an AcMNPV-derived bacmid. The helper 

plasmid encodes the transposase and other factors necessary for transposition of the region between the two Tn7 

sites of pFAcT into a mini-att Tn7 site within the bacmid. The cassette within pFAcT contains the Venus-gene 

fusion sequence, a gentamicin resistance gene, and the AcMNPV polh promoter and gene, bordered by Tn7R and 

Tn7L sequences. Clones with bacmid pFAcT Tn7 cassette insertions were selected by plating the electroporated 

cells on selective media containing ampicillin (helper plasmid), kanamycin (bacmid), and gentamicin (pFAcT 

Venus-gene cassette). Inclusion of IPTG and X-Gal within the media differentiated between bacmids without (blue) 

and bacmids with (white) the pFAcT Tn7 cassette, because its transposition knocked out the lacZ gene within the 

bacmid mini-att Tn7 insertion site and the DH10Bac E. coli genome does not contain lacZ. White colonies were 

screened by PCR for the presence of the recombinant bacmids. Purified bacmid DNA was also transfected into Sf21 

cells to confirm the production of polyhedra from the reintroduced polyhedrin promoter and gene within the pFAcT 

Tn7 cassette in each recombinant bacmid. 
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Figure 15. Expression of Venus1 and Venus2 fusion proteins from recombinant baculoviruses 

Sf21 cells were singly infected with the indicated recombinant baculoviruses (see below). The cells were heat 

shocked at 22 hpi prior to whole cell lysate collection at 24 hpi. Proteins from equivalent cell quantities were 

resolved by SDS-PAGE and electroblotted to a nitrocellulose membrane. Recombinant Venus1 and Venus2 fusion 

protein expression was assessed by immunoblotting. Primary antibodies were applied that were specific for LEF-3 

(1:3000) to detect V1-eLEF3 and V2-eLEF3 (A; lanes 1 and 2), or P47 (1:1000) to detect V1-P47 and V2-P47  

(A; lanes 11 and 12), or the HA epitope (1:5000) to detect V1-P143, V2-P143, V1-LEF4, V2-LEF4, V1-LEF8, 

V2-LEF8, V1-LEF9, and V2-LEF9 (A; lanes 3 through 10), V1-hsLEF3 and V2-hsLEF3 (B; lanes 13 and 14),  

V1-hsLEF3(aa2-83) and V2-hsLEF3(aa2-83) (C; lanes 15 and 16), and V1-SfTBP and V2-SfTBP (D; lanes 17 and 

18). The membranes were then probed with HRP-conjugated secondary antibodies (1:50,000) directed against the 

primary antibodies. The relative mobilities of the observed proteins were consistent with their expected molecular 

weights (see Table 9). The Venus1 and Venus2 fusion proteins and the molecular weights of protein standards are 

labelled on the immunoblots. The bands just below the 66.4 kDa marker, which are particularly prevalent in lanes 11 

and 12 (probed with anti-AcP47), were the result of non-specific detection of serum proteins in cell culture media. 

 

Virus Infections: 

A. 1) vAcV1elef3; 2) vAcV2elef3; 3) vAcV1p143; 4) vAcV1p143; 5) vAcV1lef4; 6) vAcV2lef4; 7) vAcV1lef8;  

8) vAcV2lef8; 9) vAcV1lef9; 10) vAcV2lef9; 11) vAcV1p47; 12) vAcV2p47; B. 13) vAcV1hslef3;  

14) vAcV2hslef3; C. 15) vAcV1hslef3(aa2-83); 16) vAcV2hslef3(aa2-83); D. 17) vAcV1SfTBP; 18) vAcV2SfTBP 
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steady state levels, but those are not representative of the level of transcription from the endogenous 

promoter of each gene assessed in this study. As well, differences in the regulation of translation and/or 

post-translational modifications of the hsp70 promoter transcripts could be expected to result in different 

expression levels of the Venus1 and Venus2 fusion proteins. At 24 hpi there appeared to be more V1-P47 

and V2-P47 expression compared to endogenous P47 expression (Figure 15; lanes 11 and 12), while 

expression of endogenous LEF-3 was greater than V1-eLEF3 or V2-eLEF3 (Figure 15; lanes 1 and 2). 

 Effects of MOI and heat shock on Venus1 and Venus2 fusion protein expression  4.5.1

Heat shock induces a stress response in S. frugiperda cells, which alters their transcription, 

protein expression and localization, DNA replication, and cell cycle progression (Lyupina et al., 2011). 

These cellular pathways are already altered by baculovirus infection (Monteiro et al., 2012), and 

AcMNPV infection of S. frugiperda cells itself instigates a global heat shock response with subsequent 

upregulation of heat shock protein promoters (Breitenbach & Popham, 2013; Lyupina et al., 2010). 

Consequently, the D. melanogaster hsp70 promoter is constitutively active in recombinant AcMNPV-

infected Sf21 cells, even in the absence of heat shock (Crouch & Passarelli, 2005; Morris & Miller, 

1992). Based on these previous studies, it was predicted that BiFC assays could be done in the absence of 

manual application of heat shock to induce hsp70 promoter transcription. However, because BiFC can 

only confirm the expression of interacting protein pairs, an independent approach was required to confirm 

individual fusion protein expression if the assessed proteins did not interact. As shown in Figure 15, 

immunoblotting was used to confirm expression and assess relative mobilities of the Venus1 and Venus2 

fusion proteins. To evaluate infection conditions for the detection of PPIs by BiFC, and to determine the 

effects of heat shock on Venus1 and Venus2 fusion protein expression, a series of single infections of all 

generated recombinant baculoviruses was established to determine by immunoblot if the Venus1 and 

Venus2 fusion proteins could be detected without heat shock induction of the hsp70 promoter, and to 

assess if heat shock augmented their expression. It was hypothesized that the fusion proteins would be 

expressed in infected cells because of the natural induction of the heat shock response during infection. 
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However, it was also predicted that application of heat shock would increase expression of the fusion 

proteins. The effect of MOI on recombinant protein expression was simultaneously assessed.  

As observed in Figure 16, there was an increase in detected protein from MOI 1 to MOI 5 for all 

fusion proteins. The expression of V1-eLEF3 and V2-eLEF3, as well as coexpressed endogenous LEF-3, 

did not change with or without inclusion of heat shock (Figure 16A; B lanes 1 to 8). This result was 

expected because those proteins were expressed from AcMNPV lef-3 promoters. For the proteins 

expressed from the hsp70 promoter, there was an increase in fusion protein detection with inclusion of 

heat shock (Figure 16B lanes 9 to 16; C to H). Transcription theoretically occurs at the same rate for all 

Venus1 and Venus2 gene fusions from the hsp70 promoter. However, variable LEF expression has been 

reported, suggesting that the regulation of translation modulates LEF expression (Berretta & Passarelli, 

2006; Rapp et al., 1998). Variable expression of different fusion proteins was also noted when cell lysates 

infected at the same conditions as in Figure 16 were probed on the same immunoblots (data not shown). 

The only pair of fusion proteins that was detected in the absence of heat shock at MOIs 1 and 5 

was V1-hsLEF3 and V2-hsLEF3, and their expression, while weaker than endogenous LEF-3 expression, 

was stronger than expression of V1-eLEF3 and V2-eLEF3 (Figure 16B). Those differences in expression 

levels of endogenous and recombinant LEF-3 were consistent in repeated experiments. Similarly high 

expression of endogenous LEF-3 was observed in other infections with the baculoviruses generated in this 

study (Appendix B), indicating that the difference between endogenous LEF-3 and LEF-3 fusion protein 

expression from the AcMNPV lef-3 promoter was not due to coexpression of fusion proteins of LEF-3 

with endogenous LEF-3. The relative migration of all detected Venus1 and Venus2 fusion proteins, as 

well as endogenous LEF-3, corresponded to their expected molecular weights (Table 9). S. frugiperda 

TBP was also detected (34.1 kDa; estimated ~38 kDa), with similar expression levels without heat shock 

as in uninfected heat shocked cells (Figure 16D; lanes 1 to 5). Additional bands were detected in heat 

shocked cell lysates infected with vAcV1SfTBP or vAcV2SfTBP, either ~3 kDa below (~35 kDa; Figure 

16D; lane 8), or ~3 kDa above (~41 kDa; lanes 9 and 10) cellular TBP migration. The antibody used to 
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          Figure 16. Effects of heat shock and MOI on Venus1 and Venus2 fusion protein expression during baculovirus infection 

 
Single infections of Sf21 cells were prepared with the recombinant baculoviruses expressing Venus1 or Venus2 fusions of the indicated proteins, 

at MOI 1 or MOI 5 (see below). The infection aliquots were prepared as doubled volumes that were split between two sets of infected cells. One 

set of infected cells was heat shocked at 22 hpi prior to whole cell lysate collection at 24 hpi. The other set of infected cells was not heat shocked, 

but whole cell lysates were also collected at 24 hpi. Proteins in equivalent quantities of lysed cells were resolved by SDS-PAGE and transferred 

to a nitrocellulose membrane by electroblotting. Immunoblotting was used to assess the differences in recombinant protein expression at MOI 1 

and MOI 5, without heat shock (-HS), and with inclusion of heat shock (+HS). Proteins were detected with a primary antibody directed against 

LEF-3 (1:1000) (A and B), the HA epitope (1:5000) (C, E to G), P47 (1:1000) (H), or S. frugiperda TBP (1:2000) (D), and a corresponding 

HRP-conjugated secondary antibody (1:50,000). The infection conditions and expected expressed proteins are labelled on each immunoblot. The 

locations of endogenous AcMNPV LEF-3 (A and B) and S. frugiperda TBP (SfTBP) (D) are labelled beside the indicated immunoblots. 

 

Virus Infections: 

 

A. V1-eLEF3 and V2-eLEF3 expression:  

1) and 5) MOI 1 vAcV1elef3; 2) and 6) MOI 5 vAcV1elef3; 3) and 7) MOI 1 vAcV2elef3; 4) and 8) MOI 5 vAcV2elef3 

 

B. V1-eLEF3, V2-eLEF3, V1-hsLEF3, and V2-hsLEF3 expression:  

1) and 5) MOI 1 vAcV1elef3; 2) and 6) MOI 5 vAcV1elef3; 3) and 7) MOI 1 vAcV2elef3; 4) and 8) MOI 5 vAcV2elef3;  

9) and 13) MOI 1 vAcV1hslef3; 10) and 14) MOI 5 vAcV1hslef3; 11) and 15) MOI 1 vAcV2hslef3; 12) and 16) MOI 5 vAcV2hslef3 

 

C. V1-P143 and V2-P143 expression:  

1) and 5) MOI 1 vAcV1p143; 2) and 6) MOI 5 vAcV1p143; 3) and 7) MOI 1 vAcV2p143; 4) and 8) MOI 5 vAcV2p143 

 

D. V1-SfTBP and V2-SfTBP expression:  

1) and 6) MOI 1 vAcV1SfTBP; 2) and 7) MOI 5 vAcV1SfTBP; 3) and 8) MOI 1 vAcV2SfTBP; 4) and 9) MOI 5 vAcV2SfTBP; 5) mock 

 

E. V1-LEF4 and V2-LEF4 expression:  

1) and 5) MOI 1 vAcV1lef4; 2) and 6) MOI 5 vAcV1lef4; 3) and 7) MOI 1 vAcV2lef4; 4) and 8) MOI 5 vAcV2lef4 

 

F. V1-LEF8 and V2-LEF8 expression: 

1) and 5) MOI 1 vAcV1lef8; 2) and 6) MOI 5 vAcV1lef8; 3) and 7) MOI 1 vAcV2lef8; 4) and 8) MOI 5 vAcV2lef8 

 

G. V1-LEF9 and V2-LEF9 expression 

1) and 5) MOI 1 vAcV1lef9; 2) and 6) MOI 5 vAcV1lef9; 3) and 7) MOI 1 vAcV2lef9; 4) and 8) MOI 5 vAcV2lef9 

 

H. V1-P47 and V2-P47 expression 

1) and 5) MOI 1 vAcV1p47; 2) and 6) MOI 5 vAcV1p47; 3) and 7) MOI 1 vAcV2p47; 4) and 8) MOI 5 vAcV2p47 
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detect S. frugiperda TBP was reported to cross-react with the AcMNPV DNA binding protein (36.6 kDa) 

in TN-368 cell lysates, despite no sequence similarity with TBP (Mainz et al., 2014), but the origin of the 

additional bands is likely related to the expression of the recombinant proteins, as they are only present 

when V1-SfTBP and V2-SfTBP are clearly detected. Additional bands were also detected just below V1-

LEF9 and V2-LEF9, which are particularly visible after heat shock (Figure 16G; lanes 5 to 8). These 

additional bands were consistently detected on 10% but not on 12.5% polyacrylamide SDS-PAGE gels, 

as seen by comparing the immunoblots of Figure 15A (lanes 9 and 10) and Figure 16G. Overall, these 

results indicated that expression levels of LEF-3, P47, and S. frugiperda TBP fusion proteins from the 

hsp70 promoter differ in comparison to their equivalent endogenous protein expression, and demonstrated 

that heat shock was necessary to detect all fusion proteins by immunoblotting, suggesting that the same 

infection conditions should be used in BiFC assays. 

 Bimolecular fluorescence complementation assays 4.6

As observed by the confirmation of V1-eLEF3 and V2-eLEF3 expression in this study by BiFC 

assays but not by immunoblot (Figures 7 and 8), immunoblot detection of protein expression is less 

sensitive than fluorescence microscopy (Stynen et al., 2012). Consequently, although induction of the 

hsp70 promoter was necessary to detect all of the Venus1 and Venus2 fusion proteins during baculovirus 

infection by immunoblot (Figure 16), it was uncertain if heat shock would be necessary to detect PPIs by 

fluorescence microscopy. To address the sensitivity of fluorescence detection and the effects of heat 

shock on hsp70 promoter expression, most BiFC assays with fusion proteins of the baculovirus RNApol 

subunits were conducted with three infection conditions: MOI 1 without heat shock, MOI 5 without heat 

shock, and MOI 1 with heat shock. It was theorized that if BiFC was observed both without and with heat 

shock that the fluorescence was likely the result of a specific protein-protein interaction.  

It was found that BiFC assays performed in the absence of heat shock had the same PPI results 

and distribution of fluorescence at MOI 1 and MOI 5, although the number of cells with fluorescence 

increased at MOI 5. As the captured images from those BiFC assays showed the same fluorescence 
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characteristics, only the data for MOI 5 are included in the presented results. The BiFC assays in this 

study were conducted reciprocally to determine if each assessed protein pair had a similar pattern of 

fluorescence, by swapping the Venus1 or Venus2 fragments on the assessed fusion proteins. At least three 

BiFC assays were done to evaluate each PPI at the indicated infection conditions. The subsequent figures 

show one set of the assessed PPIs at MOI 5 without heat shock, and/or at MOI 1 with heat shock. 

Appendix C contains the complementary sets of reciprocal Venus1 and Venus2 PPI BiFC assay images. 

 Controls for infection BiFC assays: LEF-3 and LEF-3(aa2-83) self-association 4.6.1

To ensure that none of the Venus1 and Venus2 fusion proteins individually fluoresces during 

baculovirus infection, and to visually confirm cell infection by each recombinant baculovirus by 

microscopy, single infections were initially established (Appendix C.1). In comparison to uninfected cells 

(Figure 8B(i)), the infected cells had increased diameters. Hoechst staining of dsDNA also revealed 

changes in DNA distribution. Uninfected cells had a generally central distribution of Hoechst staining, 

essentially indistinguishable from that of transfected nuclei. To contrast, most Hoechst staining of 

infected nuclei revealed a compact central region with very strong staining, indicating an abundance of 

dsDNA, surrounded by a region with less intense dispersed staining, and an outer ring. This pattern of 

Hoechst staining was consistent with the distribution of DNA observed by light microscopy at 24 hpi 

(Knudson & Harrap, 1976), and was similar in appearance to Hoechst-stained cells in a previous 

baculovirus infection study (Marek et al., 2011). Cells with several small nuclear regions of strong 

Hoechst staining were also noted, which was reminiscent of an early infection dsDNA distribution 

(Marek et al., 2011). Many infected cells also contained polyhedra, characteristic of the very late stage of 

infection, as expected at the assessment time of 24 hpi (Knudson & Harrap, 1976). The fluorescence from 

single infections at MOI 5 without heat shock, and at MOI 1 with heat shock, was similar to uninfected 

cell autofluorescence (Figure 8B(i)). Therefore, infection by all of the generated baculoviruses resulted in 

phenotypic changes indicative of infection. Individual expression of the Venus1 and Venus2 fusion 

proteins was confirmed by immunoblot at the same infection conditions, at least at MOI 1 with heat shock 
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(Figures 15 and 16), but only autofluorescence was observed by fluorescence microscopy in cells infected 

with a single recombinant baculovirus. 

The self-association of LEF-3 during baculovirus infection was assessed by examining the 

interactions of V1-eLEF3 and V2-eLEF3 expressed from the AcMNPV lef-3 promoter (Figure 17A), as 

well as V1-hsLEF3 and V2-hsLEF3 expressed from the hsp70 promoter (Figure 17B). Fluorescence was 

observed in cells of both coinfections at MOI 5, and at MOI 1 with heat shock, suggesting that LEF-3 

self-associates during infection. The most intense fluorescence was located around the central strongly 

Hoechst-stained region, as expected based on the essential role of LEF-3 in DNA replication (Yu & 

Carstens, 2010), and previous localization studies (Nagamine et al., 2011). Inclusion of heat shock did not 

alter these PPIs. Expression of V1-hsLEF3 and V2-hsLEF3 from the hsp70 promoter, compared to the 

AcMNPV lef-3 promoter, did not change the localization of fluorescence or the interactions of the fusion 

proteins. Coexpression of V1-eLEF3 and V2-hsLEF3, or V2-eLEF3 and V1hsLEF-3, also resulted in 

similar fluorescence (Figure 17C; Appendix C.2). 

 LEF-3(aa2-83) was shown in transfection BiFC experiments to not self-associate (see section 4.2 

and Figure 9A(iii)), so LEF-3(aa2-83) self-association was expected to act as a control for PPI and BiFC 

during infection. Interaction of LEF-3(aa2-83) with LEF-3 was initially assayed, to confirm individual 

expression of V1-LEF-3(aa2-83) and V2-LEF3(aa2-83) (Figure 17D and E; Appendix C.2). BiFC 

fluorescence was observed when LEF-3 and LEF-3(aa2-83) were coexpressed, as in the transfection BiFC 

assays (Figure 9B). Unexpectedly, fluorescence was observed in cells coinfected with vAcV1hslef3(aa2-

83) and vAcV2hslef3(aa2-83) (Figure 17F). This positive result suggested that LEF-3(aa2-83) self-

associates during baculovirus infection. As it was anticipated that not all of the PPIs assessed during 

infection would result in BiFC, and little or no information was available on the potential regions 

involved in PPIs within the viral RNApol subunits, P143, or S. frugiperda TBP, an alternative negative 

control was not constructed.     
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Figure 17. Infection BiFC controls: LEF-3 and LEF-3(aa2-83) self-association 
 

Sf21 cells on coverslips were coinfected with vAcV1elef3 and vAcV2elef3 (A), vAcV1hslef3 and vAcV2hslef3 (B), 

as well as vAcV1-elef3 and vAcV2hslef3 (C), to assess the self-association of LEF-3. Infections of vAcV1elef3 and 

vAcV2hslef3(aa2-83) (D), as well as vAcV1hslef3(aa2-83) and vAcV2hslef3 (E), were also established. Cells were 

infected with vAcV1hslef3(aa2-83) and vAcV2hslef3(aa2-83) (F) to assess LEF-3(aa2-83) self-association. 

Infections were done at MOI 5 without heat shock (-HS), or at MOI 1 with heat shock (+HS) at 22 hpi. All cells 

were fixed at 24 hpi, stained with Hoechst, and prepared for microscopy. Images were captured of Hoechst and 

Venus fluorescence, and of whole cells in brightfield. Merged fluorescence images are also shown. The infection 

conditions and the assessed proteins are indicated beside each image set. See Appendix C.2 for the reciprocal 

switched Venus fragment coinfections.
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 Baculovirus core RNA polymerase subunit self-associations and inter-subunit interactions 4.6.2

 Based on the isolation of a transcriptionally active ~560 kDa complex that was characterized to 

contain equimolar amounts of LEF-4, LEF-8, LEF-9, and P47, Guarino (1998b) postulated that two 

copies of each of those essential proteins are present within the core baculovirus RNApol. Subunit self-

association within the core viral RNApol was evaluated during infection by BiFC (Figure 18). 

Fluorescence was observed for all PPIs, implying that LEF-4 (A), LEF-8 (B), LEF-9 (C), and P47 (D) 

self-associate during baculovirus infection. Induction of heat shock increased the observed fluorescence, 

consistent with the increase in fusion protein expression observed by immunoblot (Figure 16E to H).  

 The fluorescence from the self-association of LEF-4, LEF-8, and P47 was primarily localized to the 

strongly Hoechst-stained central nuclear region (Figure 18A, B, and D), suggesting that their interactions 

occurred in proximity to DNA. When heat shock was included, fluorescence was also detected within the 

cytoplasm, where Hoechst staining was not visible. LEF-9 is required for baculovirus RNApol 

transcription and is a component of the core viral RNApol (Crouch et al., 2007; Guarino et al., 1998b), so 

fluorescence from its self-association was expected to have the same localization pattern as BiFC 

fluorescence from LEF-4, LEF-8, and P47 self-association. While the fluorescence observed in 

vAcV1lef9 and vAcV2lef9 coinfections (Figure 18C) was localized to nuclear Hoechst-stained regions, 

its localization was unlike that of the other coinfections.  

 BiFC assays detected inter-subunit interactions between all core baculovirus RNApol subunits 

(Figures 19 and 20; Appendix C.3). Inclusion of heat shock increased the observed fluorescence. The 

majority of the fluorescence localized to central nuclear regions of intense Hoechst staining, and this 

localization was particularly evident at MOI 5 without heat shock. This localization was also consistent 

with the fluorescence seen in BiFC assays of RNApol subunit self-associations of LEF-4, LEF-8, and P47 

(Figure 18), suggesting that the majority of viral RNApol-mediated transcription occurs in the central 

intensely Hoechst-stained region. The fluorescence observed when assessing PPIs of LEF-9 with  

V1-LEF9 or V2-LEF9 was also similar, suggesting that V1-LEF9 and V2-LEF9 function like the other  
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Figure 18. Self-associations of the baculovirus RNA polymerase subunits during infection 

To assess the self-association of LEF-4, LEF-8, LEF-9, and P47, Sf21 cells on coverslips were infected with 

vAcV1lef4 and vAcV2lef4 (A), vAcV1lef8 and vAcV2lef8 (B), vAcV1lef9 and vAcV2lef9 (C), as well as 

vAcV1p47 and vAcV2p47 (D). Infections were done at MOI 1 and MOI 5 for each recombinant virus pair. 

Infections established at MOI 5 were not heat shocked (-HS), while heat shock was included (+HS) at 22 hpi for 

infections established at MOI 1. At 24 hpi all cells were fixed, their nuclei were stained with Hoechst, and coverslips 

were mounted on slides for fluorescence microscopy. Images were captured of brightfield cells, as well as Hoechst 

and Venus fluorescence. Merged fluorescence images are also shown. The expected expressed proteins and infection 

conditions are indicated beside each set of images. 
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Figure 19. Interactions of the baculovirus RNA polymerase subunits during infection – Part 1 

Inter-subunit PPIs of LEF-4 with the other core RNApol subunits were assessed. Sf21 cells on coverslips were 

coinfected with vAcV2lef4 and vAcV1lef8 (A), vAcV1lef4 and vAcV2lef9 (B), as well as vAcV1lef4 and 

vAcV2p47 (C). Infections were done at MOI 1 and MOI 5 for each baculovirus pair. Infections established at MOI 5 

were not heat shocked (-HS), while MOI 1 infections were heat shocked (+HS) at 22 hpi. At 24 hpi all cells were 

fixed, their nuclei were stained with Hoechst, and coverslips were mounted on slides for fluorescence microscopy. 

Images were captured of brightfield cells, as well as Hoechst and Venus fluorescence. Merged fluorescence images 

are also shown. The infection conditions and assessed PPIs are indicated beside each image set. See Appendix C.3.1 

for the corresponding reciprocal switched Venus fragment BiFC results.
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Figure 20. Interactions of the baculovirus RNA polymerase subunits during infection – Part 2 

 
Inter-subunit PPIs of the core RNApol subunit LEF-8 with LEF-9 and P47, and LEF-9 with P47, were assessed. 

Sf21 cells on coverslips were coinfected with vAcV1lef8 and vAcV2lef9 (A), vAcV2lef8 and vAcV1p47 (B), as 

well as vAcV1lef9 and vAcV2p47 (C). Infections were done at MOI 1 and MOI 5. Infections established at MOI 5 

were not heat shocked (-HS), while heat shock was applied (+HS) at 22 hpi for infections established at MOI 1. At 

24 hpi all cells were fixed, their nuclei were stained with Hoechst, and coverslips were mounted on slides for 

fluorescence microscopy. Images were captured of brightfield cells, as well as Hoechst and Venus fluorescence. 

Merged fluorescence images are also shown. The infection conditions and the assessed PPIs are indicated beside 

each image set. See Appendix C.3.2 for the corresponding reciprocal switched Venus fragment BiFC results.
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core viral RNApol fusion proteins. The differences in the patterns of fluorescence observed for LEF-9 

self-association (Figure 18C) and inter-subunit interactions within the viral RNApol (Figure 19B; Figure 

20A and C), may indicate that LEF-9 can self-associate, but that it does not self-associate within the 

RNApol in regions of strong Hoechst staining. These results could also indicate that mutations in the lef-9 

sequence (see section 4.4) altered its self-association characteristics, but not its ability to interact with 

other viral proteins. Overall, these BiFC assays demonstrated self-association and inter-subunit 

interactions of LEF-4, LEF-8, LEF-9, and P47 within the baculovirus RNApol complex during infection. 

The observed localization of fluorescence, especially to strongly Hoechst-stained regions, was consistent 

with their roles in transcription as components of the viral RNApol in proximity to dsDNA.  

 LEF-3 interactions 4.6.3

 LEF-3 fusion proteins expressed from the AcMNPV lef-3 promoter (V1-eLEF3 and V2-eLEF3) 

and from the hsp70 promoter (V1-hsLEF3 and V2hsLEF3) were used to assess the PPIs of LEF-3 in this 

study. The use of two sets of LEF-3 fusion proteins provided a way to determine if PPIs and their 

fluorescence localization differed after expression from the endogenous promoter or hsp70 promoter. As 

described in the following figures, PPI results were consistent for eLEF-3 and hsLEF3 fusion proteins. 

 LEF-3 localizes to the nucleus in the absence of other viral proteins (Au et al., 2009), whereas P143 

remains in the cytoplasm (Laufs et al., 1997). The interaction of LEF-3 and P143 has been shown by 

many approaches (see section 2.6.3.1), and indirect immunofluorescence assays have suggested that 

interaction with LEF-3 is sufficient for the nuclear localization of P143 (Chen & Carstens, 2005). BiFC 

assays were used to demonstrate the direct interaction of LEF-3 and P143 in vivo in the absence of other 

viral proteins (Figure 21A; Appendix C.4). Discrete puncta of fluorescence were observed in the nuclei of 

cotransfected cells (Figure 21A; (i) and (ii)). Results from the BiFC assessment of the interactions of 

P143 with eLEF-3 expressed from the AcMNPV lef-3 promoter (Figure 21B), as well as with hsLEF-3 

expressed from the hsp70 promoter (Figure 21C), also suggested LEF-3 and P143 interaction during 

infection. LEF-3(aa2-125) is sufficient for viral DNA replication during infection (Yu & Carstens, 2010),  
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Figure 21. Interactions of LEF-3 and LEF-3(aa2-83) with P143 
 

The interaction of LEF-3 and P143 was assessed by transfection (A), and during infection (B to D). Cells on 

coverslips were transfected with pHSEHV1Aclef3 and pHSEHV2Acp143 (A(i)), pHSEHV2Aclef3 and 

pHSEHV1Acp143 (A(ii)), pHSEHV1Acp143 (A(iii)), or pHSEHV2Acp143 (A(iv)). Single transfections of 

pHSEV1Aclef3 and pHSEV2Aclef3 were previously shown (Figure 8A). The transfections were prepared with 1 µg 

of each plasmid with herring sperm DNA to 2 µg total DNA, and the cells were heat shocked at 22 hpt. Cells on 

coverslips were coinfected with vAcV1elef3 and vAcV2p143 (B), as well as vAcV1hslef3 and vAcV2p143 (C). 

Interaction of LEF-3(aa2-83) and P143 was assessed by coinfection of vAcV2hslef3(aa2-83) and vAcV1p143 (D). 

Infections were done at MOI 5 without heat shock (-HS), or at MOI 1 with heat shock (+HS) at 22 hpi. At 24 hpt/hpi 

all cells were fixed, their nuclei were stained with Hoechst, and coverslips were mounted on slides. Images were 

captured of brightfield cells, as well as of Hoechst and Venus fluorescence. The infection conditions (for B to D), 

and the expected expressed proteins, are indicated beside each image set. See Appendix C.4 for the corresponding 

reciprocal switched Venus fragment BiFC results.
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and this region also appears to be sufficient for its interaction with and nuclear localization of P143 in 

plasmid transfection studies (Chen & Carstens, 2005). The latter study also suggested that LEF-3(aa2-83) 

localizes to the nucleus, but cannot interact with P143. A BiFC assay was done to examine this direct 

association. Unexpectedly, fluorescence was observed in the BiFC assays (Figure 21D; Appendix C.4). 

The fluorescence had similar localization as observed by BiFC assays for full-length LEF-3 and P143 

interactions (Figure 21B and C), implying that LEF-3(aa2-83) and P143 interact during virus infection. 

 A previous BiFC transfection study suggested that the nuclear import of P47 could be mitigated by 

LEF-3 (Adetola, 2011). BiFC assays were used to reassess this interaction and examine the association of 

LEF-3 with the other core RNApol subunits in the context of baculovirus infection. BiFC was observed 

for each assessed interaction, implying that LEF-3 is able to interact with LEF-4 (A), LEF-8 (B), LEF-9 

(C), and P47 (D) (Figures 22 and 23; Appendices C.5 and C.6). BiFC assays were also established to 

examine if LEF-3(aa2-83) is required for interaction of full-length LEF-3 with LEF-4, LEF-8, LEF-9, and 

P47. It was predicted that while LEF-3(aa2-83) contains an NLS sequence, LEF-3(aa2-83) would not be 

adequate for interaction with all of the RNApol proteins examined in this study during infection, even if 

they individually interacted with full-length LEF-3. However, Venus fluorescence was noted in particular 

at strongly Hoechst-stained regions for each of the assessed interactions (Figure 24; Appendix C.7), like 

that of the core viral RNApol subunit PPIs (Figures 18 to 20). These results implied that LEF-3(aa2-83) 

interacts with each viral RNApol subunit in the proximity of nuclear dsDNA. 

The interaction of LEF-3 and S. frugiperda TBP was also examined by BiFC assays. It was 

hypothesized that LEF-3 and S. frugiperda TBP do not interact in vivo, as LEF-3 is not a recognized viral 

transcription factor. Autofluorescence was only observed in cells from single transfections (see section 

4.6.5 and Figure 8) and infections (Appendix C.1). However, fluorescence was observed in transfection 

BiFC assays (Figure 25A), as well as in BiFC infection assays of eLEF-3 (Figure 25B) and hsLEF-3 

(Figure 25C) associations with S. frugiperda TBP (also see Appendix C.4). Therefore, these BiFC assays 

suggested that LEF-3 and cellular TBP interact during infection and in the absence of other viral proteins.   
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Figure 22. Interaction of eLEF-3 with the baculovirus RNA polymerase subunits during infection 
 

Sf21 cells on coverslips were coinfected with vAcV1elef3 and vAcV2lef4 (A), vAcV1elef3 and vAcV2lef8 (B), 

vAcV2elef3 and vAcV1lef9 (C), as well as vAcV2elef3 and vAcV1p47 (D). Infections were established at MOI 5 

without heat shock (-HS), or at MOI 1 with heat shock (+HS) at 22 hpi. All infected cells were fixed at 24 hpi, 

stained with Hoechst, and prepared for fluorescence microscopy. Images were captured of Hoechst and Venus 

fluorescence, and of whole cells in brightfield. Merged fluorescence images are also shown. The infection 

conditions and the expected coexpressed proteins are indicated beside each image set. See Appendix C.5 for the 

corresponding reciprocal switched Venus fragment BiFC results. 
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Figure 23. Interaction of hsLEF-3 with the baculovirus RNA polymerase subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV2hslef3 and vAcV1lef4 (A), vAcV2hslef3 and vAcV1lef8 (B), 

vAcV2hslef3 and vAcV1lef9 (C), as well as vAcV2hslef3 and vAcV1p47 (D). Infections were done at MOI 1 with 

heat shock (+HS) at 22 hpi. All infected cells were fixed at 24 hpi, stained with Hoechst, and prepared for 

fluorescence microscopy. Images were captured of Hoechst and Venus fluorescence, and of whole cells in 

brightfield. Merged fluorescence images are also shown. The infection conditions and the assessed PPIs are 

indicated beside each representative image set. See Appendix C.6 for the corresponding reciprocal switched Venus 

fragment BiFC results. 
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Figure 24. Interaction of LEF-3(aa2-83) with the baculovirus RNApol subunits during infection 

 
Sf21 cells on coverslips were coinfected with vAcV2hslef3(aa2-83) and vAcV1lef4 (A), vAcV2hslef3(aa2-83) and 

vAcV1lef8 (B), vAcV2hslef3(aa2-83) and vAcV1lef9 (C), as well as vAcV2hslef3(aa2-83) and vAcV1p47 (D). 

Infections were done at MOI 1 with heat shock (+HS) at 22 hpi. All infected cells were fixed at 24 hpi, stained with 

Hoechst, and prepared for fluorescence microscopy. Images were captured of Hoechst and Venus fluorescence, and 

of whole cells in brightfield. Merged fluorescence images are also shown. The infection conditions and the expected 

coexpressed proteins are indicated beside each image set. See Appendix C.7 for the corresponding reciprocal 

switched Venus fragment BiFC results.
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Figure 25. Interaction of LEF-3 with S. frugiperda TBP 

The interaction of LEF-3 with S. frugiperda TBP was examined by transfection (A) and by infection (B and C). 

Sf21 cells on coverslips were transfected with pHSEHV2Aclef3 and pHSEHV1SfTBP (A(i)) or pHSEHV2SfTBP 

and pHSEHV1Aclef3 (A(ii)). The transfections were prepared with 1 µg of each plasmid to 2 µg total DNA and the 

cells were heat shocked at 22 hpt. Sf21 cells on coverslips were coinfected with vAcV2elef3 and vAcV1SfTBP (B), 

or vAcV1hslef3 and vAcV2SfTBP (C). Infections were done at MOI 1 with heat shock at 22 hpi. All cells were 

fixed at 24 hpt/hpi, stained with Hoechst, and prepared for fluorescence microscopy. Images were captured of 

Hoechst and Venus fluorescence, and of whole cells in brightfield. Merged fluorescence images are also shown. The 

assessed PPIs and infection conditions, if applicable, are indicated beside each set of images. See Appendix C.4 for 

the corresponding reciprocal switched Venus fragment BiFC results. 
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 P143 interactions 4.6.4

 All viral SF3 helicases form homohexameric ring structures, and some are thought to function as 

double homohexamers at replication forks (Hickman & Dyda, 2005). P143 is a member of the SF3 

superfamily (Hickman & Dyda, 2005; Lu & Carstens, 1991), so it was anticipated that it also forms and 

functions as a homohexamer in vivo. BiFC assays indicated that P143 forms homooligomers during 

baculovirus infection (Figure 26). Although it could not be discerned whether the requirement for P143 in 

transient expression assays for late and very late transcription was a consequence of its essential role in 

viral DNA replication (Kool et al., 1994), at least part of the P143 population remains localized with viral 

DNA after viral DNA synthesis ceases (Nagamine et al., 2011). BiFC infection assays were used to 

investigate if P143 has a direct role in viral RNApol transcription (Figure 27; Appendix C.8). The BiFC 

assays suggested that P143 interacts with LEF-4 (A), LEF-8 (B), LEF-9 (C), and P47 (D). While the 

fluorescence from those BiFC assays predominately localized to Hoechst-stained regions in the absence 

of heat shock, induction of the hsp70 promoter resulted in a whole-cell fluorescence distribution, as 

expected from a greater number of PPIs due to increased expression of the Venus fusion proteins. Overall, 

these BiFC studies implicated P143 self-association and suggested that P143 interacts with each core viral 

RNApol subunit during baculovirus infection. The fluorescence localization around the central intensely 

Hoechst-stained region suggested that the assessed PPIs have roles proximity to dsDNA. 

 S. frugiperda TATA binding protein interactions 4.6.5

Mammalian and D. melanogaster TBP can form homodimers during the normal cell cycle 

(Jackson-Fisher et al., 1999; Coleman et al., 1995). The self-association of S. frugiperda TBP was 

examined in the absence of other viral proteins and during baculovirus infection. Only autofluorescence 

was observed in cells singly transfected with each plasmid (Figure 28A(i) and (ii)) or singly infected with 

each recombinant virus (Appendix C.1). Nuclear fluorescence localized to Hoechst-stained regions was 

observed in cells cotransfected with pHSEHV1SfTBP and pHSEHV2SfTBP (Figure 28A(iii)), as well as 

in cells coinfected with vAcV1SfTBP and vAcV2SfTBP (Figure 28B). These results indicated that 
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Figure 26. Self-association of P143 during infection 

To use BiFC to assess the self-association of P143 during infection, Sf21 cells on coverslips were coinfected with 

vAcV1p143 and vAcV2p143 at MOI 5 without heat shock (-HS), or at MOI 1 with heat shock (+HS) at 22 hpi. At 

24 hpi the cells were fixed, stained with Hoechst, and prepared for fluorescence microscopy. Images of Hoechst and 

Venus fluorescence and whole cells in brightfield were captured. Merged fluorescence images are also shown. The 

coexpressed proteins and infection conditions are indicated beside each set of images. 



 

104 

 

 

Figure 27. Interaction of P143 with the baculovirus RNA polymerase subunits during infection 

The interaction of P143 with the core RNApol subunits was assessed by coinfecting Sf21 cells on coverslips with 

vAcV2p143 and vAcV1lef4 (A), vAcV2p143 and vAcV1lef8 (B), vAcV2p143 and vAcV1lef9 (C), or vAcV2p143 

and vAcV1p47 (D). Coinfections were established at MOI 5 without heat shock (-HS), and at MOI 1 with heat 

shock (+HS) at 22 hpi. At 24 hpi infected cells were fixed, stained with Hoechst, and the coverslips were mounted 

on slides for fluorescence microscopy. Images of brightfield whole cells and Hoechst and Venus fluorescence were 

photographed. Merged fluorescence images are also shown. Each image set is labelled with the assessed PPI and 

infection conditions. See Appendix C.8 for the corresponding reciprocal switched Venus fragment BiFC results. 
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Figure 28. Self-association of S. frugiperda TBP 

The self-association of S. frugiperda TBP was examined by transfection (A) and by infection (B). Sf21 cells on 

coverslips were transfected with pHSEHV1SfTBP (A(i)), pHSEHV2SfTBP, (A(ii)), as well as pHSEHV1SfTBP 

and pHSEHV2SfTBP (A(iii)).The transfections were prepared with 1 µg of each plasmid with herring sperm DNA 

to 2 µg total DNA, and the cells were heat shocked at 22 hpt. Sf21 cells on coverslips were coinfected with 

vAcV1SfTBP and vAcV2SfTBP (B) at MOI 5 without heat shock (-HS), and at MOI 1 with heat shock (+HS) at 22 

hpi. All cells were fixed at 24 hpt/hpi, stained with Hoechst, and prepared for fluorescence microscopy. Images were 

captured of Hoechst and Venus fluorescence, and of whole cells in brightfield. Merged fluorescence images are also 

shown. The expected expressed protein(s) and infection conditions (for B) are labelled beside each image set. 
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S. frugiperda TBP self-associates under normal cellular conditions and during baculovirus infection. 

Fluorescence in the BiFC transfection and infection assays was localized to cell nuclei. In particular, the 

BiFC fluorescence observed during infection was almost exclusively localized to the central strongly 

Hoechst-stained regions. This restricted localization was consistent with recent immunofluorescence data 

that reported colocalization of S. frugiperda TBP with newly synthesized DNA (Mainz et al., 2014).  

The involvement of host S. frugiperda TBP in baculovirus RNApol transcription has been 

proposed based upon the ubiquitous use of TBP in eukaryotic cellular and viral transcription (Iyer et al., 

2003), as well as from protein expression and localization data (Mainz et al., 2014; Quadt et al., 2002). It 

was predicted that since the core viral RNApol is sufficient for transcription in vitro in the absence of 

TBP (Guarino et al., 1998b), and as RNApol II interacts with TAFs within TFIID containing TBP instead 

of directly interacting with TBP (Kostrewa et al., 2009), that any role that TBP has in the late stage of 

baculovirus transcription does not require direct interaction with the viral RNApol. However, BiFC 

assays suggested that S. frugiperda TBP has a direct role in in vivo baculovirus RNApol-mediated 

transcription that involves its interaction with LEF-4 (A), LEF-8 (B), LEF-9 (C), and P47 (D) (Figure 29; 

Appendix C.9). As observed for S. frugiperda TBP self-association (Figure 28B), BiFC fluorescence was 

localized to central regions of Hoechst staining, indicating that cellular TBP and the viral RNApol 

subunits interact in proximity to dsDNA during baculovirus infection.
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Figure 29. Interaction of S. frugiperda TBP with the baculovirus RNApol subunits during infection 

 
The interaction of S. frugiperda TBP with the core baculovirus RNApol subunits was assessed by coinfecting Sf21 

cells on coverslips with vAcV2SfTBP and vAcV1lef4 (A), vAcV2SfTBP and vAcV1lef8 (B), vAcV2SfTBP and 

vAcV1lef9 (C), as well as vAcV2SfTBP and vAcV1p47 (D). Infections were done at MOI 1 with heat shock (+HS) 

at 22 hpi. At 24 hpi the infected cells were fixed, stained with Hoechst, and the coverslips were mounted on slides 

for fluorescence microscopy. Images of brightfield whole cells and Hoechst and Venus fluorescence were 

photographed. Merged fluorescence images are also shown. Each image set is labelled with the assessed PPI and 

infection conditions. See Appendix C.9 for the corresponding reciprocal switched Venus fragment BiFC results. 
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Chapter 5 

Discussion 

The core baculovirus RNApol required for in vitro transcription from late and very late promoters 

consists of only four polypeptides: LEF-4, LEF-8, LEF-9, and P47 (Guarino et al., 1998b). LEF-4 and 

P47 were initially mapped through the characterization of ts mutants ts538 and ts317 (Carstens et al., 

1994; Carstens et al., 1993; Partington et al., 1990), and then they were identified along with LEF-8 and 

LEF-9 to be essential for viral DNA replication and/or late transcription by transient expression assays 

(Lu & Miller, 1995b). Most of what is known about the roles of the core viral RNApol subunits in 

baculovirus late and very late transcription has subsequently been obtained from transfection-based 

transient expression assays, or in vitro transcription and enzymatic assays. Transient expression assays 

use bacterial reporter plasmids engineered to express viral proteins, and in vitro transcription assays use 

purified DNA templates containing various promoter elements, with inclusion of specific viral proteins. 

Consequently, both transient expression assays and in vitro transcription assays are performed in the 

absence of other viral proteins, without the cellular conditions normally present during infection.  

In a similar manner, PPIs of the viral RNApol subunits have been examined by transfection-based 

coimmunoprecipitation (CoIP) assays (Crouch et al., 2007). While CoIP allows specific detection of PPIs, 

the method requires the removal of the interacting proteins from the cellular environment by cell lysis 

before immobilization, and it is not able to detect weak or transient PPIs (Berggard et al., 2007). Y2H and 

CoIP assays have also previously been used to study the PPIs of baculovirus DNA replication proteins, 

including LEF-3 and P143 (Hefferon & Miller, 2002). Y2H assays can detect transient and weak PPIs, 

but they require protein expression in E. coli, or protein expression and nuclear localization in yeast 

(Coates & Hall, 2003). Both CoIP and Y2H assays assess PPIs outside of the typical cell environment. 

The development of bacmids has enabled the study of baculovirus proteins during infection, and 

has facilitated the identification of viral proteins stimulatory to baculovirus RNApol-mediated 
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transcription (Table 2). While many of the LEFs studied by transient assays have the same characteristics 

in transfection and infection studies, contradictory results have also been documented. For example, lef-2 

is stimulatory for viral DNA replication in bacmid knockout studies (Wu et al., 2010), rather than 

essential, as suggested by transient expression and replication assays (Lu & Miller, 1995b; Kool et al., 

1994). In addition, while a four subunit baculovirus-encoded RNApol is sufficient for in vitro 

transcription (Guarino et al., 1998b), viral and cellular proteins have been identified through bacmid-

based assays that are absolutely essential for in vivo transcription (Table 2). These inconsistent results 

have made it evident that the conditions in transient replication and expression assays, as well as in in 

vitro transcription assays, do not reflect the infected cell environment. Despite their discrepancies, all of 

these assays have facilitated the characterization of baculovirus protein roles in viral DNA replication and 

late transcription. Therefore, while in vitro assays and transfection-based experiments can offer important 

details about the functions and interactions of baculovirus proteins, it is important to complement those 

studies by examining viral DNA replication and transcription events during infection, and vice versa.  

A method that enables the detection of PPIs in vivo, whether in isolation of other viral proteins by 

transfection, or during baculovirus infection, is the bimolecular fluorescence complementation assay 

(Kerppola, 2006). In this study in vivo BiFC assays were used to examine the interactions of proteins 

associated with the regulation of the late stage of baculovirus transcription. These proteins included the 

minimal viral proteins required for in vitro late transcription (LEF-4, LEF-8, LEF-9, and P47), two 

additional LEFs essential for viral DNA replication (LEF-3 and P143), and the host S. frugiperda TBP. 

This study focussed on examining in vivo PPIs during infection, although it was expected that the 

constructed PCR fusion plasmids would be used in future complementary transfection-based assays. 

 Expression of Venus1 and Venus2 fusion proteins constructed for BiFC assays 5.1

The expression of all of the generated Venus1 and Venus2 fusions from PCR fusion plasmids and 

recombinant baculoviruses was assessed by immunoblotting (Figures 7 and 15). V1-LEF8, V2-LEF8, V1-

LEF9, and V2-LEF9 were detected after baculovirus infection, but not in cells transfected with the PCR 
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fusion plasmids. As the majority of Venus1-gene and Venus2-gene fusions were transcribed from the 

hsp70 promoter, this discrepancy in protein detection may indicate that LEF-8 and LEF-9 require other 

viral proteins for stable expression. It has been suggested that lef-8 mRNA and LEF-8 are unstable as they 

are difficult to detect by methods commonly used in analysis of expression of the other LEFs (Crouch et 

al., 2007; Titterington et al., 2003; Acharya & Gopinathan, 2002). Detection of LEF-8 from 

pHSEHAclef8 was previously reported only after treatment with a proteolysis inhibitor (Crouch et al., 

2007; Titterington et al., 2003). LEF-9 expression from pHSEHAclef9 was previously reported (Berretta 

& Passarelli, 2006; Rapp et al., 1998). In this study the two identified amino acid changes in the LEF-9 

sequences of V1-LEF9 and V2-LEF9 fusion proteins may have decreased their stability (see section 4.4; 

Appendix A.2). Cotransfections could be used to assess whether coexpression of V1-LEF8 and V2-LEF8, 

and of V1-LEF9 and V2-LEF9, or each of those fusion proteins with other baculovirus proteins or bacmid 

DNA, results in their detection in cell lysates by immunoblotting. 

The Venus1-gene and Venus2-gene fusions constructed in this study were transcribed from the 

hsp70 promoter (with the exception of V1-elef3 and V2-elef3 transcribed from the AcMNPV lef-3 

promoter; see sections 4.1.1.1 and 5.1.1). As baculovirus infection itself induces the heat shock response 

in S. frugiperda cells (Morris & Miller, 1992), it was expected that the hsp70 promoter would be active 

without application of heat shock. The infection-induced hsp70 promoter transcription was expected to 

augment fusion protein expression because of the increased quantity of Venus1-gene and Venus2-gene 

fusion mRNAs. A comparison of the in vivo effects of heat shock on expression of the recombinant 

proteins by immunoblotting of singly baculovirus-infected whole cell lysates revealed that most fusion 

proteins were not detected if heat shock was not included during infection (Figure 16). However, the 

observed increase in protein expression with heat shock treatment was in accord with previous 

experiments by Breitenbach & Popham (2013), who noted that infection with inclusion of heat shock 

potentiated mRNA expression from the hsp70 promoter. These observations, and a consideration of the 

sensitivity of fluorescence microscopy, prompted the use of infection conditions with and without heat 
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shock for most BiFC assays. For each PPI, the increase in protein expression from application of heat 

shock was expected to increase the number of PPIs and thus the number of fluorescing proteins (Robida 

& Kerppola, 2009). This effect was observed in all BiFC infection assays. 

 Effects of alternative promoter transcription on LEF-3 fusion protein expression and BiFC  5.1.1

Two approaches were used to generate Venus fragment fusion proteins of LEF-3. V1-elef3 and 

V2-elef3 were transcribed from an AcMNPV lef-3 promoter, while V1-hslef3 and V2-hslef3 were 

transcribed from the hsp70 promoter. Each of these promoters was integrated into bacmid DNA at the 

Tn7 transposition site, separated from the endogenous AcMNPV lef-3 promoter and gene. While whole 

cell lysate immunoblotting detected V1-hsLEF3 and V2-hsLEF3 expression after infection at MOIs 1 and 

5 in the absence of heat shock, the other Venus1 and Venus2 fusion proteins transcribed from mRNAs 

expressed by the hsp70 promoter were not detected at both MOIs unless heat shock was included. The 

regulation of expression from the hsp70 promoter is theoretically consistent, so these discrepancies 

suggest that the mRNA transcripts expressed from the hsp70 promoter have differentially regulated 

translation. This may indicate that the fusion proteins are recognized as ‘viral’ proteins, as intended by 

their design. Proteins associated with structural roles are required in stoichiometric quantities, so they are 

typically more abundant than proteins with enzymatic roles, which are only required in catalytic amounts. 

LEF-3 is the most abundant of the LEFs required for baculovirus DNA replication, with ~7.2 x 10
6
 

molecules in each AcMNPV-infected cell (Hang et al., 1995). Given that the four viral RNApol subunits 

and P143 are associated with enzymatic roles during baculovirus infection, the observations of LEF-3 

protein expression on immunoblots both with and without inclusion of heat shock likely reflect its role as 

a SSB protein, whether expressed as LEF-3, or as Venus1 and Venus2 LEF-3 fusion proteins. 

The Venus1 and Venus2 fusion proteins of eLEF-3 and hsLEF-3 were expressed at lower levels 

than endogenous LEF-3 (Figure 15A lanes 1 and 2; Figure 16A and B), and similar endogenous LEF-3 

expression was noted in other infections with the generated recombinant viruses (Appendix B). The loss 

of upstream or downstream in cis regulatory sequences that surround the endogenous lef-3 promoter in 
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the AcMNPV genome, possibly changing transcription regulation, may have had a subsequent detrimental 

effect on V1-eLEF3 and V2-eLEF3 expression in comparison to endogenous LEF-3. This explanation is 

indirectly supported by studies of rescue bacmids of Aclef-3 (bKO-lef3) and Aclef-2 (bKO-lef2) knockout 

bacmids. Those bacmids placed the endogenous lef-3 gene in the Tn7 transposition site used in this study 

(Yu & Carstens, 2010), and the endogenous lef-2 gene in the polyhedrin locus (Wu et al., 2010). Viral 

DNA replication and BV production were restored in cells transfected with the bKO-lef3 rescue bacmid, 

but the levels of each were lower compared to wildtype virus infection (Yu & Carstens, 2010). A four-

hour delay in lef-2 transcription and an overall decrease in protein expression were reported in cells 

transfected with the bKO-lef2 rescue bacmid (Wu et al., 2010). Therefore, the placement of the AcMNPV 

lef-3 promoter for V1-elef3 and V2-elef3 transcription at a different genomic location than the endogenous 

AcMNPV lef-3 promoter likely had a detrimental effect on transcript levels, which may explain the 

observed discrepancies between V1-eLEF3, V2-eLEF3, and endogenous LEF-3 immunoblot expression. 

BiFC assays involving interactions of LEF-3 were assessed with reciprocal Venus fragment 

fusions of eLEF-3 and hsLEF-3 (Figures 8, 17, 21 to 23, and 25). The results of the BiFC assays were 

consistent, indicating that differences in AcMNPV lef-3 and hsp70 promoter transcription characteristics, 

and presumably eventual translation of the differentially transcribed mRNAs, as well as the lack of HA 

epitope and His6x tag sequences in eLEF-3, did not alter the detected PPIs. The hsp70 promoter is most 

active early in infection, like the AcMNPV lef-3 promoter (Li et al., 1993), which may contribute to the 

observed consistency of the BiFC results. In a study comparing baculovirus expression of 

chloramphenicol acetyltransferase (CAT) in the absence of the shock, the expression of CAT from the 

hsp70 promoter was ~3-fold greater than its expression from early viral promoters at 6 hpi, but CAT 

expression decreased to ~2.7-fold less than expression from a late promoter by 12 hpi (Morris & Miller, 

1992). Accordingly, a comparison of expression of V1-eLEF3, V2-eLEF3, V1-hsLEF3, and V2-hsLEF3 

by immunoblot of cell lysates collected at 24 hpi (Figure 16B) showed that expression of V1-hsLEF3 and 

V2-hsLEF3 was stronger than expression of V1-eLEF3 and V2-eLEF3, even without heat shock.  
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 Potential effects of experimental design on BiFC during infection 5.2

In BiFC assays the fusion proteins are designed to not change protein conformation, interactions, 

or function(s), after addition of the fluorescent reporter fragments (Kerppola, 2009; Robida & Kerppola, 

2009). Due to the strength of interaction of the reconstituted Venus fragments once BiFC occurs, an 

accumulation of BiFC complexes could disrupt interacting protein functions (Kerppola, 2009). Two 

previous reports of PPIs detected by BiFC during baculovirus infection examined the interaction of 

chitinase (CHIA) and a precursor to cathepsin (proV-CATH), which are involved in the degradation of 

the larval cuticle to facilitate host lysis very late in infection (Hodgson et al., 2013, 2011). A single 

baculovirus was generated that expressed both recombinant proteins with knocked out expression of their 

counterpart endogenous proteins. The generated viruses were not expected to affect the viral replication 

cycle in cell culture because the CHIA and proV-CATH proteins are only required for live insect 

infection, not cell culture infection. As early BiFC PPIs in this study would have potentially disrupted the 

course of infection if the equivalent endogenous proteins of the interacting proteins were not present, the 

corresponding endogenous gene of each fusion protein was not deleted, to ensure progression of infection 

through to baculovirus RNApol-mediated late and very late transcription.  

During infection the number of PPIs between Venus1 and Venus2 fusion proteins can be 

considered to be dependent on the expression of those recombinant proteins, but this is also dependent on 

the number of other PPIs they make that are not to each other, which varies according to the relative 

prevalence of all of the potentially interacting viral and cellular proteins (Figure 30A). If the equivalent 

endogenous protein of a fusion protein forms homooligomers, then the endogenous and fusion proteins 

could associate. Depending on the degree of homooligomerization, this interaction may compete with 

(Figure 30B), or facilitate (Figure 30C), the interaction of a Venus1 fusion protein with a Venus2 fusion 

protein, and vice versa, which will affect the observed fluorescence intensity (Robida & Kerppola, 2009).  

An additional concern of assessing PPIs by BiFC during infection is that interactions of 

endogenous and recombinant viral proteins in multiprotein and higher order oligomer complexes could 
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Figure 30. Possible effects of endogenous viral proteins on BiFC during infection assays 

Possible effects of endogenous proteins on heterooligomer BiFC: 

A. When assaying the interaction of viral proteins X and Y, only the direct interaction of X and Y, expressed as 

Venus1-X and Venus2-Y, should result in BiFC (1). However, Venus1-X may interact with endogenous Y without 

Venus2 (2), just as Venus2-Y can interact with endogenous X without Venus1 (3). Endogenous viral proteins X and 

Y can also interact (4). Venus1-X and Venus2-Y may interact with other viral and/or cellular proteins (5). The 

multitude of possible protein-protein interactions other than the interaction of Venus1-X with Venus2-Y will 

decrease the likelihood of the observation of BiFC fluorescence from the interaction of X and Y expressed as fusion 

proteins Venus1-X and Venus2-Y. 

 

Possible effects of endogenous proteins on homooligomer BiFC: 

B. Protein R forms homodimers. While interaction of Venus1-R with Venus2-R results in BiFC (1), there are many 

other protein-protein interactions that Venus1-R may participate in in vivo that will not result in BiFC. These include 

the interaction of Venus1-R with endogenous R (2), and the interaction of Venus1-R with Venus1-R (3). Similarly, 

Venus2-R may interact with endogenous R (4) or Venus2-R (5) instead of Venus1-R. Venus1-R and Venus2-R 

could also interact with other endogenous viral proteins or cellular proteins instead of each other. Since there are 

many possible protein-protein interactions that do not include the interaction of Venus1-R withVenus2-R, BiFC 

likely does not occur as often as in (C). 

 

C. Protein Z forms homotetramers. In a similar manner to the protein-protein interactions of Venus1-R outlined in 

(B), Venus1-Z could interact with Venus1-Z, endogenous Z, or other endogenous viral and/or cellular proteins, but 

BiFC will only occur if Venus1-Z interacts with Venus2-Z. Since the single protein Z potentially interacts with three 

other Z proteins within a tetramer complex in vivo, it is more probable that one or more of the other interacting 

proteins in a complex with Venus1-Z is a complementary Venus2-Z protein, so BiFC will likely occur more often 

than in (B). Solid lines indicate expected interactions, while dotted lines indicate possible interactions, for a 

homotetramer complex. 

 

Possible proximity-related BiFC: 

D. If proteins Venus1-A and Venus2-B interact according to BiFC (1), and in a similar manner proteins Venus1-B 

and Venus2-C interact (2), but proteins Venus1-A and Venus2-C do not interact (3), it is possible that interaction of 

Venus1-A with protein B and interaction of Venus2-C with the same protein B could result in BiFC (4). Protein B 

may bring Venus1-A and Venus2-C into sufficient proximity for their Venus1 and Venus2 fragments to associate 

and reform the functional Venus fluorophore. This proximity-related BiFC would result in fluorescence in the 

absence of a direct protein-protein interaction.
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result in proximity-related BiFC (Figure 30D). The (Gly4Ser)2  linker used in this study, located between 

the Venus1 or Venus2 fragment and the protein of interest, is estimated to extend up to ~40Å (Remy et 

al., 1999). X-ray crystallography has been used to estimate the sizes of multisubunit RNApols, including 

the ~400 kDa five subunit E. coli RNApol (120Å x 150Å x 115Å) (Finn et al., 2000), and the ~550 kDa 

12 subunit RNApol II (220Å x 395Å x 285Å) (Armache et al., 2003; Bushnell & Kornberg, 2003). The 

baculovirus core RNApol is estimated to have eight subunits (~560 kDa with two copies of four subunits 

LEF-4, LEF-8, LEF-9, and P47) (Guarino et al., 1998b), so its dimensions are possibly between those of 

the bacterial and eukaryotic RNApols. Consequently, as illustrated in Figure 30D, the extension of both 

Venus1 and Venus2 ~40Å from non-interacting proteins A and B could conceivably result in fluorescence 

from Venus refolding, due to their mutual interaction with protein C. This proximity-related “interaction” 

would not be detected in transfection assays if a viral protein mediates the BiFC event.  

DNA-protein interactions have been detected for most of the proteins examined in this study by 

various methods, including ChIP (LEF-3, P143, P47) (Ito, 2006; Ito et al., 2004), EMSA (LEF-4) 

(Rasheedi et al., 2010), DNA affinity purification (LEF-8) (Mishra et al., 2008), and by studies examining 

enzymatic activities (LEF-3, P143, LEF-4) (Laufs et al., 1997; Hang et al., 1995). LEF-9 contains a 

conserved active site motif, and in other multisubunit RNApols this motif interacts with DNA during 

transcription (Lu & Miller, 1995b; Passarelli et al., 1994). S. frugiperda TBP has sequence conservation 

with other TBPs (Rasmussen & Rohrmann, 1994), which bind to TATA box promoter elements (Kim et 

al., 1993). Consequently, any of the studied proteins could bind to viral or cellular DNA, and this 

interaction could potentially mitigate PPIs, either by inducing protein conformation changes that are 

necessary for the PPI, which could involve sequence-specific DNA binding, or by facilitating proximity-

related interactions. In future transfection studies the fusion proteins expressed in BiFC assays could be 

modified so that they do not localize to the nucleus after expression, to exclude any effects of DNA 

binding on PPIs. Using this approach in transfection BiFC assays it was demonstrated that nuclear 

localization and thus nuclear DNA is not required for LEF-3 self-association (Downie et al., 2013). 
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 Cell appearance, DNA distribution, and fluorescence localization in BiFC assays  5.3

Microscopy studies have documented a number of changes to cell appearance, nuclear 

organization, and DNA distribution, over the course of baculovirus infection (Nagamine et al., 2008; 

Young et al., 1993; Knudson & Harrap, 1976). These alterations include the swelling of infected cells, 

expansion of their nuclei with concomitant marginalization of cellular DNA, and the centralization of 

viral DNA in an electron-dense virogenic stroma region. As in this study, Marek and colleagues (2011) 

observed a central intensely Hoechst-stained region, which was designated as the virogenic stroma, a 

surrounding region of dispersed Hoechst staining (ring zone), and an outer ring (nuclear envelope with 

marginalized cellular DNA) during baculovirus infection. These designations imply that the most intense 

fluorescence (qualitative interpretation) of each assessed PPI in this study, with the exception of LEF-9 

self-association, colocalized in the virogenic stroma region in close proximity to viral DNA. This 

interpretation fits well with the associated functions of the studied proteins in DNA replication and/or late 

transcription, as the virogenic stroma is regarded to be the site of baculovirus DNA replication and viral 

RNApol-mediated late transcription (Vanarsdall et al., 2007; Kool et al., 1995; Young et al., 1993). In 

future experiments the use of a marker for a viral protein required for the formation of the virogenic 

stroma, such as phosphoprotein PP31 (Nagamine et al., 2011; Guarino et al., 1992), may be useful to 

confirm the identity of and distinguish that nuclear region, especially if BiFC fluorescence localization is 

assessed by confocal fluorescence microscopy. Inclusion of a marker for an ODV-specific protein, such 

as P91, which localizes to the peristromal region between the virogenic stroma and cellular chromatin, 

may also be useful in determining protein and BiFC complex localization (Nagamine et al., 2008).  

Results of the infection BiFC assays that resulted in fluorescence, suggesting a PPI, were 

interpreted while considering possible effects of endogenous proteins and DNA (see section 5.2). Figure 

31 provides a summary of the PPIs identified by BiFC assays during infection (or by transfection) in this 

study (Figure 31A), and compares those results with previous PPI reports and available preliminary data 

from transfections with the generated PCR fusion plasmids (Figure 31B).  
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Figure 31. Summary of identified AcMNPV protein-protein interactions 
The protein-protein interactions that occur during baculovirus infection according to the BiFC results of this study of 

the AcMNPV RNApol subunits LEF-4, LEF-8, LEF-9, and P47, as well as essential baculovirus DNA replication 

proteins LEF-3 and P143, are summarized above (A). These results were placed in context of other protein-protein 

interaction research data (B), including coimmunoprecipitation assays (Crouch et al., 2007; Acharya & Gopinathan, 

2002), and preliminary results of BiFC transfection assays with the PCR fusion plasmids generated in this study (El-

Ayoubi, personal communication). 

 

Legend of Arrows in B: 
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 Interactions of the baculovirus core RNA polymerase subunits 5.4

 Self-associations 5.4.1

The predominately nuclear localization of LEF-4, LEF-8, LEF-9, and P47 self-association 

fluorescence during infection was expected because they form the core baculovirus RNApol (Guarino et 

al., 1998b) (Figure 18), and as this localization has been demonstrated by immunofluorescence and 

biochemical fractionation studies for each individual protein (Bossert, personal communication; Ito et al., 

2004; Durantel et al., 1998; Carstens et al., 1993). Fluorescence from LEF-4 self-association in particular 

appeared to fill whole cells. While the proportions of its nuclear and cytoplasmic fluorescence were not 

determined, it has previously been reported that ~25% of LEF-4 is cytoplasmic between 12 hpi and 36 hpi 

(Durantel et al., 1998), consistent with the assessment time of 24 hpi in this study. The self-association of 

LEF-8, LEF-9, P47, but not LEF-4, was previously detected by CoIP studies (Crouch et al., 2007). In 

multisubunit RNApols some subunits can stabilize weak inter-subunit interactions of other subunits, so 

one or more viral proteins that are only present in vivo may be required to stabilize LEF-4 self-

association. Alternatively, the extraction and purification conditions used for the CoIPs may not have 

been suitable to maintain LEF-4 self-association. LEF-4 is very acidic (pI 4.91) in comparison to the other 

RNApol proteins (LEF-8: pI 8.84; LEF-9: pI 7.87; P47: pI 7.13). While the core viral RNApol complex 

remains stable at 2M KCl, weak self-association of LEF-4 observed at physiological salt conditions (100 

mM KCl) dissociated at higher salt conditions (400 mM KCl) (Guarino et al., 1998a). The purpose of 

homooligomerization of the core RNApol subunits remains unclear, as no identified multisubunit 

RNApol incorporates two copies of every RNApol protein into its structure (Decker & Hinton, 2013).  

 Inter-subunit interactions 5.4.2

BiFC fluorescence from infection assays in this study suggested that all of core RNApol subunits 

interact during infection (Figures 19 and 20). The previously mentioned transfection-based CoIP 

experiments detected consistent interactions between P47 and LEF-4, P47 and LEF-8, and P47 and LEF-

9, as well as LEF-8 and LEF-9 (Crouch et al., 2007). Infection-based CoIP experiments also detected an 



 

 

120 

 

interaction between BmNPV LEF-8 and LEF-9, which share ~97% homology with their AcMNPV 

counterparts (Acharya & Gopinathan, 2002). In in vitro assays the guanylyltransferase activity (essential 

for late gene expression) of LEF-4 expressed in isolation is not as high as when LEF-4 is coexpressed 

with LEF-8, LEF-9, and P47, suggesting that the other core RNApol proteins are required for LEF-4 

stability (Guarino et al., 1998a). Only inconsistent LEF-4 and LEF-9 association was detected by CoIP 

(Crouch et al., 2007), but their association was always detected by BiFC infection assays in this study and 

in BiFC transfection assays with the PCR fusion plasmids (El-Ayoubi, personal communication). As 

described for LEF-4 self-association, the CoIP assays conditions may not have been appropriate to detect 

LEF-4 PPIs, so the inconsistent detection of LEF-4 and LEF-9 association could also indicate variation in 

the strength of their interaction. In the single subunit T7 RNApol ~300 aa residues refold between 

transcription initiation and elongation (Yin & Steitz, 2002). Considering that the viral RNApol has at least 

four subunits (Guarino et al., 1998b), and that its stability increases between initiation and elongation 

(Funk et al., 1998), which presumably requires conformational changes, it is possible that the LEF-4 and 

LEF-8 interaction during infection is transitory (Saecker et al., 2011). LEF-4 and LEF-8 association was 

also not detected by transfection BiFC assays (El-Ayoubi, personal communication), but certain PPIs may 

be required for subsequent PPIs within the viral RNApol complex. Assembly of the E. coli RNApol 

begins with the formation of an α subunit dimer, with which β interacts, followed by β’ and ω (Minakhin 

et al., 2001; Ishihama, 1981), while the 12 subunit RNApol II is thought to be composed of three 

subassemblies (Wild & Cramer, 2012). Specific intramolecular baculovirus RNApol subunit interactions 

may also be required prior to subsequent subunit PPIs. For example, PPIs between domains F and I in 

subunit β of the E. coli RNApol aid in the interaction of its H and I domains with an α subunit 

(Naryshkina et al., 2000). It is important to recognize that the possible presence of two copies of each 

viral RNApol subunit does not necessitate that each subunit shares the same function, or interacts with the 

same proteins during transcription. Consequently, the interactions identified in this study and the previous 

CoIP assays for a particular protein may be of the combined interactions of both copies of that protein. 
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 Structure-function relationship of the baculovirus core RNA polymerase 5.4.3

All multisubunit RNApols contain proteins that perform the functions of the prokaryotic RNApol 

subunits β’ (Rpb1/Rpo1), β (Rpb2/Rpo2), α (Rpb11/Rpo11, Rpb3/Rpo3), and ω (Rpb6/Rpo6), and the 

organization of these subunits in RNApols is strongly conserved in X-ray crystallography structures 

(Decker & Hinton, 2013; Wild & Cramer, 2012; Korkhin et al., 2009; Armache et al., 2003). As 

previously mentioned, multisubunit NCLDV RNApols contain orthologues to eukaryotic Rpb1 and Rpb2, 

and often Rpb3, Rpb6, and Rpb10 (Iyer et al., 2006; Iyer et al., 2003). The conservation of the 

transcription mechanism, subunit function, and subunit organization in multisubunit RNApols, suggests 

that the baculovirus RNApol subunits likely have equivalent roles in transcription and a similar structural 

organization. Only the β, β’, and α subunits of bacterial RNApols are essential in in vitro transcription 

assays (Minakhin et al., 2001; Zalenskaya et al., 1990). It is proposed that the equivalent baculovirus 

RNApol subunits may be LEF-8, LEF-9, and P47. 

Subunits β and β’ contain C-terminal conserved motifs that form the polymerase active site 

(Saecker et al., 2011). Deletion of the catalytic site motif of LEF-8 (conserved in β, Rpb2, and Rpo2) 

abolished late transcription in transient expression assays (Titterington et al., 2003). Mutation of aspartic 

acid residues in the catalytic motif of LEF-9 (conserved in β’, Rpb1, and Rpo1) eliminated transcription 

in in vitro assays when the mutant LEF-9 proteins were coexpressed with LEF-4, LEF-8, and P47 

(Crouch et al., 2007). These results indicated that the conserved C-terminal catalytic motifs of LEF-8 and 

LEF-9 are essential for baculovirus RNApol transcription. The interaction of β and β’ in the bacterial 

RNApol results in a ‘crab-claw’ structure, with their C-terminal catalytic sites at the closed end, and 

flexible arm domains extending towards their N-termini. The flexible arms mediate extensive protein-

protein, protein-DNA, and protein-RNA interactions required for RNApol function and preinitiation 

complex stability (Kontur et al., 2010; Gnatt et al., 2001). This study confirmed previous CoIP reports of 

LEF-8 and LEF-9 interaction (Figure 20A) (Crouch et al., 2007; Acharya & Gopinathan, 2002). PPIs of 

LEF-9 with LEF-8, P47, and LEF-4, and also interaction of LEF-8 with P47, were demonstrated by BiFC 
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infection assays and CoIP (Figures 19 and 20) (Crouch et al., 2007; Acharya & Gopinathan, 2002). The 

LEF-8 RNApol subunit CoIP PPIs were previously examined in detail by CoIP studies with a series of  

50 aa internal deletions along the entire length of the protein. While interaction of LEF-9 and P47 with 

LEF-8 was still detected, despite the presence of the internal deletions, all of the LEF-8 mutants had 

detrimental effects on transcription in transient expression assays (Titterington et al., 2003). These results 

suggested that regions along the entire LEF-8 protein, which may mediate protein-protein and protein-

DNA interactions, are important for viral RNApol transcription. Studies of LEF-8 mutant ts42 have also 

demonstrated that aa521 is important for late transcription TSS positioning of the RNApol, and LEF-8 

interaction with DNA was confirmed via DNA affinity column pull-down of the polyhedrin promoter 

sequence at 48 hpi (Mishra et al., 2008). These combined results indicate the LEF-8 and LEF-9 are 

involved in multiple PPIs that are important for polymerase assembly at the promoter and transcription 

initiation, and suggest that at least LEF-8 is involved in similarly important protein-DNA interactions 

proximal to the catalytic site. Overall, LEF-8 and LEF-9 appear to fulfill functional roles within the 

baculovirus RNApol that are equivalent to the roles of the β and β’ subunits within bacterial RNApols. 

The two α subunits assemble prior to the other bacterial RNApol proteins. Despite interacting 

with different subunits in the bacterial RNApol, both α subunits are involved in RNApol assembly, 

promoter recognition and binding, and the process of DNA bending and melting for transcription 

initiation (Davis et al., 2005; Gourse et al., 2000; Zhang & Darst, 1998). ChIP experiments have 

demonstrated that P47 binds to viral DNA (Ito, 2006). P47 was the only protein to interact with all of the 

core RNApol subunits by CoIP (Crouch et al., 2007). These interactions were confirmed in this study by 

BiFC (Figures 19 and 20), but their detection by CoIP suggests that the interactions are strong, and that 

P47 could act as an anchor for the assembly of the core RNApol. While no enzymatic function of P47 has 

been demonstrated, P47 has C-terminal sequences with homology to the specificity loop and its flanking 

domains IX and X of monomeric mitochondrial RNApols (Lapointe et al., 2000), which are similarly 

required for the promoter recognition and transcription initiation functions conserved in bacterial subunit 
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α (Nayak et al., 2009; Matsunaga & Jaehning, 2004). mtRNApols also have a less conserved N-terminal 

region that is important for mediating promoter recognition and regulating transcription initiation 

(Paratkar et al., 2011). A sequence homologous to domain II within that region is present in the N-

terminal region of P47 (Lapointe et al., 2000). TAAG is used as a transcription initiator motif by late and 

very late baculovirus promoters (van Oers & Vlak, 2007), and this motif is incorporated into the 

consensus sequences of mitochondrial promoters (e.g. 5’-ATATAAGTA-3’ in yeast) (Matsunaga & 

Jaehning, 2004; Masters et al., 1987). Nuclear extracts with AcMNPV RNApol activity can transcribe S. 

frugiperda mitochondrial DNA from TAAG motifs, and the four subunit core RNApol can transcribe late 

and very late viral promoters from TAAG motifs, in in vitro transcription assays (Mans & Knebel-

Mörsdorf, 1999; Guarino et al., 1998b). These similarities may indicate that P47, with its discussed 

similarities to mtRNApol domains, mediates the initiation of transcription.  

mtRNApols require a transcription factor with ATPase activity for promoter opening (Tang et al., 

2011). In addition to its 5’triphosphatase and guanylyltransferase activities required for the initial steps of 

5’ RNA cap addition (Gross & Shuman, 1998b), LEF-4 has ATPase activity. While in this study LEF-4 

appeared to interact with LEF-8, LEF-9, and P47 (Figure 19), the only strong interaction of LEF-4 was 

with P47, according to CoIP studies (Crouch et al., 2007). Given the intrinsic transcription activity of 

LEF-8, LEF-9, LEF-4 and P47 in in vitro transcription assays (Guarino et al., 1998b), the ATPase activity 

of LEF-4 could assist P47-mediated promoter opening for transcription initiation. The identified LEF-4 

PPIs may also be important for the structure of the core RNApol, as the ts538 phenotype does not abolish 

its associated enzymatic activities, yet late transcription is abolished at the non-permissive temperature 

(Carstens et al., 1994; Partington et al., 1990). 

In summary, a comparison of the functions of conserved subunits in all multisubunit RNApols, 

with integration of methods used by monomeric RNApols for transcription initiation, suggests individual 

functions of each baculovirus core RNApol complex subunit during transcription. P47 may act as an 

anchor for assembly of the subunits of the baculovirus RNApol complex, and may be involved in the 
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initiation of transcription via its mtRNApol-like C-terminal specificity loop. LEF-4 ATPase activity may 

be involved in promoter opening. LEF-8 probably makes DNA-specific contacts that dictate the 

specificity of transcription from particular TAAG TSSs, and with LEF-9 forms the catalytic site of the 

viral RNApol. LEF-4 is also involved in 5’ modification of nascent RNA transcripts as they exit the 

catalytic site. While the significance of two copies of each subunit is undetermined, if at least one copy of 

each subunit carries out its predicted roles, the combination of monomeric RNApol and multisubunit 

RNApol transcription domains in the baculovirus RNApol has interesting evolutionary implications. 

 Interaction of LEF-3 and P143 5.5

BiFC assays confirmed previous reports of P143 and LEF-3 interaction and also showed that 

coexpression of LEF-3 with P143 was sufficient for their nuclear localization in BiFC transfection assays 

(Figure 21A). BiFC complexes localized to discrete nuclear puncta. This pattern is reminiscent of the 

localization of transfection-expressed mammalian DNA virus proteins to host cell promyelocytic 

leukemia (PML) bodies (Schmid et al., 2014; Salsman et al., 2008). Antibodies have not detected a PML 

homologue in Sf21 cells (Murges et al., 2001). However, this does not preclude the formation of a similar 

matrix-associated structure for the regulation of DNA replication and transcription during baculovirus 

infection. Indeed, coexpression of LEF-3, P143, IE-1, and PP31 results in the formation of a reticular 

structure, like the virogenic stroma, in transfected cells (Nagamine et al., 2011; Nagamine et al., 2006).  

Interaction of LEF-3 and P143 during infection was also detected by BiFC assays (Figure 21; B 

and C). While transfection BiFC assays supported the hypothesis that LEF-3 mediates the nuclear import 

of P143, the association of LEF-3 and P143 may be maintained for specific events during infection. SSB 

proteins often interact and modulate helicase activities in DNA replication, repair, and recombination 

(Richard et al., 2009; Shereda et al., 2008). Many DNA viruses also use SSB-helicase interactions to 

mediate DNA synthesis and genome assembly, such as SV40 T-antigen and RepA (Park et al., 2005), 

HPV E1 and RPA (Loo & Melendy, 2004), bacteriophage T7 gp4 and gp2.5 (He & Richardson, 2004), 

and HSV-1 UL9 and ICP8 (Arana et al., 2001). 
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 Interaction of LEF-3 with the baculovirus core RNA polymerase subunits 5.6

BiFC infection assays demonstrated the interaction of LEF-3 with LEF-4, LEF-8, LEF-9, and P47 

(Figures 22 and 23). LEF-3 was previously demonstrated to act as a nuclear chaperone for P47 in 

transfection BiFC assays (Adetola, 2011). BiFC transfection assays with the PCR fusion plasmids also 

suggested that LEF-3 interaction is sufficient for the nuclear localization of each core viral RNApol 

subunit (El-Ayoubi, personal communication). These combined observations could indicate that LEF-3 

acts as a nuclear chaperone for the viral RNApol. The core RNApol subunits individually have greater 

molecular weights than the passive diffusion limit of the nuclear pore complex (commonly regarded to be 

~40 kDa) (Keminer & Peters, 1999; Feldherr & Akin, 1997), yet none have identified NLS sequences for 

karyopherin-assisted nuclear import. Nuclear localization of the eukaryotic multisubunit RNApol II is 

thought to require complete assembly of its subunits (Boulon et al., 2010). LEF-3 appears to remain in the 

nucleus after localization, according to immunofluorescence studies (Au, 2009). If the baculovirus core 

RNApol assembles prior to nuclear import, then LEF-3 interaction with any of its four subunits may be 

required for rapid nuclear localization. To contrast, the apparently excess production of LEF-3 during 

infection may actually be required to facilitate nuclear import of multiple non-associated proteins if the 

baculovirus RNApol does not assemble prior to nuclear import. A series of LEF-3 internal deletion 

plasmid constructs with N-terminal Venus1 and Venus2 fusions that was previously used to investigate 

the oligomerization of LEF-3 could be used in future studies to map the interaction site of LEF-3 with 

each RNApol protein (Downie et al., 2013) 

The detected association of LEF-3 with subunits of the viral RNApol could also arise from direct 

interactions at late and/or very late promoters. SSB proteins and TBP have similar preferential binding to 

pyrimidine oligomers (polyT or polyC) followed by AT-rich sequences (Ahn et al., 2012; Lohman & 

Ferrari, 1994). Like TBP, SSB proteins can regulate viral transcription and recruit transcription factors 

through binding of promoter ssDNA sequences (Richard et al., 2004; Glucksmann-Kuis et al., 1996; Gao 

& Knipe, 1991; Chang & Shenk, 1990). SSB proteins are also able to melt duplex DNA, which has been 
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demonstrated to be important in promoter binding and transcription initiation of T7-like single subunit 

RNApols, as well as multisubunit RNApols under TBP-limiting conditions, and both of these roles 

require a direct interaction between the SSB protein and the RNApol (Richard et al., 2004; Carter et al., 

2003; Markiewicz et al., 1992). SSB protein can substitute for TBP in multisubunit RNApol in vitro 

transcription assays (Richard et al., 2004), suggesting that its ability to melt promoters has the same effect 

as the ability of TBP to bend DNA. Baculovirus late and very late promoter sequences are particularly 

A+T-rich around their TAAG motifs (Chen et al., 2013). LEF-3 could interact with those sequences and 

the baculovirus RNApol to facilitate its preinitiation complex assembly and transcription initiation. In a 

ChIP experiment, part of the population of LEF-3 that was reported to bind to DNA at 18 hpi was not 

associated with other DNA replication proteins or at hr regions (as presumptive origins of replication) (Ito 

et al., 2004). The sequences that this population of LEF-3 associated with are unknown, but they could be 

late promoter DNA. However, the ChIP assays did not detect coprecipitation of LEF-3 and P47, which 

suggests that the proteins are not closely associated when they bind DNA. Further studies will be 

necessary to separate the demonstrated role of LEF-3 as a nuclear chaperone and its possible role as a 

viral transcription factor during baculovirus infection. 

 Interactions of LEF-3(aa2-83) with P143 and the baculovirus core RNApol subunits 5.7

As previously described, LEF-3(aa2-83) self-association was suggested by BiFC fluorescence 

observed during infection (Figure 17F), but LEF-3(aa2-83) self-association was not detected in the 

absence of other viral proteins (Figure 9A(iii)). LEF-3(aa2-83) localizes to the nucleus after transfection 

(Chen et al., 2004), consistent with the presence of the core NLS of LEF-3 within aa28-32 (Au et al., 

2009). The N-terminal DNA binding domain of LEF-3 is thought to be within aa39-104 (Mikhailov et al., 

2006), so DNA may mediate the apparent association of V1-LEF3(aa2-83) and V2-LEF3(aa2-83) during 

infection. However, LEF-3 binds non-specifically to DNA (Hang et al., 1995), so if DNA is able to 

mediate the self-association of LEF-3(aa2-83), fluorescence would likely be observed in transfection 

BiFC assessment of V1-LEF3(aa2-83) and V2-LEF3(aa2-83) interaction, because of their probable 
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association with cellular chromatin. Alternatively, the LEF-3(aa2-83) self-association may be the result of 

proximity-related BiFC mediated by endogenous LEF-3 self-association, or interactions with other viral 

proteins. The possible intermediary effects of LEF-3 could be assessed in future experiments by 

cotransfecting pHSEHAclef3, pHSEHV1Aclef3(aa2-83), and pHSEHV2Aclef3(aa2-83). Fluorescence 

would be observed if LEF-3 mediates the “interaction” of V1-hsLEF3(aa2-83) and V2-hsLEF3(aa2-83). 

Interaction of LEF-3(aa2-83) with LEF-4, LEF-8, LEF-9, P47, and P143 was also observed by 

BiFC during infection (Figures 21D and 24). These results were unexpected, particularly for interaction of 

LEF-3(aa2-83) with P143. A previous study detected cytoplasmic fluorescence when GFP-tagged P143 

was coexpressed with LEF-3(aa2-83) (Chen et al., 2004), suggesting that LEF-3(aa2-83) is insufficient 

for interaction and mediation of P143 nuclear localization. LEF-3(aa2-83) associations detected by BiFC 

in this study may be proximity-induced by interaction of full-length LEF-3 or other viral proteins with the 

assessed fusion proteins, as described above and in section 5.2. It will be interesting to observe if LEF-

3(aa2-83) interacts with P143 by transfection BiFC, and if their localization is nuclear or cytoplasmic.  

 Interaction of LEF-3 with S. frugiperda TATA-binding protein 5.8

BiFC assays suggested an association between LEF-3 and S. frugiperda TBP by transfection 

(Figure 25A) and during baculovirus infection (Figure 25B and C). Interaction of TBP with LEF-3 could 

indicate a transcription-related function. As discussed in section 5.6, SSB proteins have been implicated 

in facilitating transcription complex assembly and initiation, including under TBP-limiting conditions. 

Those conditions may occur early in baculovirus infection, when cellular genes and viral genes are 

simultaneously transcribed by RNApol II (Huh & Weaver, 1990b). It was noted with studies of bKO-lef3 

that the absence of LEF-3 results in decreased expression of delayed early DNA replication LEFs P143 

and DNAPOL (Yu & Carstens, 2010). On the other hand, TBP can act as an inhibitor of DNA replication 

in HPV and SV40 infection (Hartley & Alexander, 2002; Herbig et al., 1999), so the interaction of LEF-3 

and TBP could be involved in the regulation of DNA synthesis, if not late transcription. 
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 Interaction of P143 with the baculovirus core RNA polymerase subunits 5.9

P143 is a member of the SF3 helicases, which function as homohexamers (Singleton et al., 2007). 

DNA binding assays have implied that P143 forms homooligomers (McDougal & Guarino, 2000; Laufs 

et al., 1997), and P143 self-association was demonstrated by BiFC in this study (Figure 26). P143 self-

association was also detected with the PCR fusion plasmids by transfection BiFC assays (El-Ayoubi, 

personal communication). To contrast, previous coprecipitation assays did not detect P143 self-

association (Hefferon, 2004). Variable oligomerization (monomers to multimers), depending on the 

presence of ATP and/or DNA, has been described for some of the best characterized viral SF3 helicases, 

such as SV40 T antigen and adeno-associated virus Rep40 and Rep68 (Zarate-Perez et al., 2013; James et 

al., 2004; Smith et al., 1997; Dean et al., 1992). The consistent detection of P143 homooligomers in BiFC 

assays may indicate that the coprecipitation assay conditions disrupted its self-association. 

While P143 is not a core component of the viral RNApol complex required for in vitro 

transcription, a previous study detected P143 by immunoblotting, along with LEF-8 and LEF-9, of α-

amanitin-resistant transcriptionally active nuclear extract fractions collected at 40 hpi (Iorio et al., 1998). 

At 143 kDa, P143 is the largest protein encoded by AcMNPV, followed by DNAPOL (114 kDa) and 

LEF-8 (102 kDa) (Rohrmann, 2013a; Ayres et al., 1994). Other chromatography studies have identified 

proteins with molecular weights >100 kDa in transcriptionally active nuclear extracts collected at 24 hpi 

and later (Beniya et al., 1996; Yang et al., 1991). Since DNAPOL is not expected to be involved in late 

transcription, those proteins could be LEF-8 as well as P143. In this study, BiFC assays during infection 

suggested that P143 interacts with LEF-4, LEF-8, LEF-9, and P47 (Figure 27), supporting a possible 

transcription-associated function for P143. 

DNA helicases associated with transcription have been implicated in multiple functions including 

the opening of promoter DNA, the transition to elongation, reinitiation of transcription after pausing 

during elongation, termination, and the coupling of transcription to RNA processing (Tuteja & Tuteja, 

2004a, b). If P47 is involved in promoter recognition and opening (see section 5.4.3), the detection of 
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P143 and P47 interaction (as well as association of P143 with LEF-8 and LEF-9) could indicate that P143 

is involved in transcription initiation. Eukaryotic multisubunit RNApols require TFIIH ATPase activity 

for promoter opening, and its helicase activity is required for the transition into elongation (Egly & Coin, 

2011), yet the requirement for TFIIH in in vitro transcription assays is waived if the template DNA is 

negatively supercoiled or premelted (Goodrich & Tjian, 1994; Pan & Greenblatt, 1994). In in vitro 

transcription assays the four subunit RNApol is able to carry out transcription of late and very late genes 

from both supercoiled and linear templates (Guarino et al., 1998b), which may indicate that a separate 

helicase is not required. However, this scenario may only be applicable for in vitro transcription assays, 

because host cell polyhedrin promoter binding protein (PPBP), while absent in in vitro assays, is 

absolutely essential for in vivo transcription initiation from very late promoters (Ghosh et al., 1998).  

PPBP has helicase and DNA-dependent ATPase activities, so this requirement likely precludes 

involvement of P143 in transcription initiation at least from very late promoters, but P143 may still be 

required for in vivo late promoter transcription initiation. It is important to note that although P143 was 

purified alongside LEF-8 and LEF-9 in transcriptionally active nuclear fractions, the maximum 

expression of P143 was not in the fraction with the highest transcription activity, and that the cell lysates 

were collected at 40 hpi (Iorio et al., 1998). These observations could indicate that P143 only associates 

with the viral RNApol for a limited time during transcription, or that it is only involved in late 

transcription (8 hpi to 18 hpi) as opposed to very late transcription (18 hpi+) (Friesen & Miller, 1986).  

The observed interaction of P143 with LEF-4 may indicate that P143 is involved in viral RNApol 

transcription elongation and possibly termination. The NCLDV vaccinia virus (VV) capping enzyme 

catalyzes the reactions for 5’ cap addition (Kyrieleis et al., 2014), but it is also involved in termination of 

transcription after T-rich sequences with NPH I (Tate & Gollnick, 2011; Piacente et al., 2008). NPH I is a 

ssDNA-dependent ATPase with helicase motifs, which weakens interactions between the RNApol and 

template DNA through ATPase hydrolysis (Deng & Shuman, 1998). It uses this activity to facilitate in 

vivo transcription elongation by reducing pausing of the VV RNApol (Piacente et al., 2008), and in the 
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termination of early gene transcription (Tate & Gollnick, 2011). NPH I is not required for elongation in in 

vitro transcription assays, although it is required for termination of early VV transcription (Christen et al., 

1998). When the RNA termination signal contacts the capping enzyme, the capping enzyme signals  

NPH I to hydrolyze ATP. This hydrolysis dissociates the RNApol from DNA, which leads to the release 

of the RNA transcript (Tate & Gollnick, 2011; Piacente et al., 2008). The VV capping enzyme has 

ATPase activity, like LEF-4, but does not use that activity for termination (Kyrieleis et al., 2014). Like 

NPH I, P143 is a ssDNA-dependent ATPase with helicase motifs, and its activity is not stimulated by 

RNA (McDougal & Guarino, 2001, 2000). The four subunit core RNApol appeared to be able to 

intrinsically terminate transcription and polyadenylate RNA transcribed in vitro from the very late 

polyhedrin promoter, in a manner that was dependent on the presence of a T-rich sequence in the DNA 

template (Jin & Guarino, 2000). However, the in vivo mechanism of termination by the baculovirus 

RNApol remains unclear, so P143 may have a similar role as NPH I in transcription elongation and/or 

termination. Assays that differentiate between initiation and elongation transcription complexes may be 

suitable to study possible P143 functions in late transcription (Funk et al., 1998). 

 Interaction of S. frugiperda TBP with the baculovirus core RNA polymerase subunits 5.10

TBP homooligomers have not previously been reported in S. frugiperda, but TBP 

homodimerization is well documented in vertebrates and in D. melanogaster (Jackson-Fisher et al., 1999; 

Coleman et al., 1995), so the observed S. frugiperda TBP self-association in transfection and infection 

BiFC assays (Figure 28) supports the predicted conservation of the eukaryotic transcription mechanism in 

S. frugiperda (Salem et al., 2011; Yang et al., 1991). BiFC assays examining the interaction of S. 

frugiperda TBP with the viral core RNApol subunits suggested that S. frugiperda TBP interacts with 

LEF-4, LEF-8, LEF-9, and P47 during infection (Figure 29). This result was surprising because cellular 

TBP was not required for promoter binding and transcription initiation by the baculovirus core RNApol 

during in vitro transcription assays (Guarino et al., 1998b). During mtRNApol transcription, the binding 

and opening of the TSS region is directly mediated by the RNApol via its C-terminal specificity loop 
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(Nayak et al., 2009), instead of using σ factors like bacterial RNApols (Saecker et al., 2011), or TBP or 

TBP-like factors like eukaryotic, archaeal, and NCLDV RNApols (Decker & Hinton, 2013; Iyer et al., 

2004). If P47 does mediate a mtRNApol-like approach to promoter opening in in vitro transcription, as 

proposed (see section 5.4.3), then TBP may be stimulatory, rather than essential, for transcription. In 

addition, S. frugiperda TBP does not bind to the very late polyhedrin core promoter (Ghosh et al., 1998).   

The infection BiFC results may indicate that S. frugiperda TBP acts in close association, but not 

directly, with the viral RNApol or core viral promoter in vivo. During transcription in eukaryotes, TBP 

relies upon intermediary interactions with various transcription factors and/or DNA to regulate RNApol 

function (Liu et al., 2013). For example, vertebrate TBP often facilitates recruitment of the RNApol and 

associated transcription factors to a promoter, and the initiation of transcription, particularly from TATA-

less promoters, via its interaction (within TFIID) with the transcription factor Sp1 (Tan & Khachigian, 

2009; Emili et al., 1994). Sp1 binds to CACCC and GC boxes (Sp elements) upstream of core promoters, 

but once TFIID binds to Sp1, the flexibility of DNA allows TFIID interaction with downstream 

sequences that enhance transcription at the core promoter (Tan & Khachigian, 2009; Pugh & Tjian, 1990). 

Previous reports of transcription regulation at the polyhedrin promoter have identified that S. frugiperda 

TBP can indirectly promote transcription in transient expression assays. Specifically, S. frugiperda TBP 

can interact with a Sp1-family-like transcription factor of S. frugiperda, which associates with upstream 

Sp elements (Rasheedi et al., 2007; Ramachandran et al., 2001). These Sp elements restored transcription 

from a polyhedrin promoter containing mutations in its PPBP binding motif when the Sp1-like 

transcription factor and S. frugiperda TBP were present (Ramachandran et al., 2001), and replacement of 

the Sp elements with a TATA box resulted in similar enhancement of expression (Rasheedi et al., 2007).  

The template for viral RNApol transcription is thought to be nascent DNA, so TFIID bound to 

DNA via Sp1 may directly interact with sequences or transcription factors at the polyhedrin promoter 

around the RNApol binding site. This flexibility could bring Venus fragment fused S. frugiperda TBP and 

a corresponding Venus fragment fused viral RNApol protein into close enough proximity for an apparent 
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"interaction” or for a direct specific interaction. Another approach may be required to examine the effects 

of host cell TBP on RNApol transcription. This could involve transcription assays wherein increasing 

amounts of TBP, or a TBP inhibitor like adenovirus protein E1A, are titrated to assess changes to 

transcription from late and very late promoters by the baculovirus core RNApol (Knutson et al., 2006). 

 Summary and future studies 5.11

As outlined in Figure 31, while many of the core RNApol PPIs detected by infection BiFC assays 

were also detected in CoIP studies, infection BiFC assays suggested additional PPIs. Since the BiFC 

technique is very sensitive, the discrepancies could indicate that transient PPIs were detected in infection 

BiFC assays. However, some of those interactions were also not detected by preliminary transfection 

BiFC results, which suggested that the presence of other viral proteins may be responsible for certain 

BiFC PPIs during infection, perhaps due to the proximity of the N-terminal Venus1 and Venus2 

fragments of otherwise non-interacting proteins. Interactions of LEF-3(aa2-83) were considered to be 

mediated by LEF-3 or other viral proteins, while the potential roles of both viral DNA and proteins in 

mediating BiFC of the core RNApol proteins with S. frugiperda TBP were also discussed.  

These caveats during infection do not invalidate the use of infection-based BiFC to assess PPIs of 

the baculovirus core RNApol proteins, LEF-3, P143, and S. frugiperda TBP. All of the V1 and V2 fusion 

protein PPI BiFC complexes localized to strongly Hoechst-stained regions during infection, suggesting 

that the fusion proteins were expressed and interacted with the appropriate endogenous proteins to 

mediate their localization to dsDNA-rich nuclear regions of viral DNA replication and viral RNApol-

mediated transcription (Nagamine et al., 2008; Young et al., 1993). The BiFC infection assays 

demonstrated interactions of the baculovirus core RNApol subunits with LEF-3, P143, and S. frugiperda 

TBP. These results suggested that the proteins are in close association during infection, at least through 

direct interactions with other proteins, and supported existing evidence that P143 and S. frugiperda TBP 

have functions in late transcription. These results also emphasized the importance of using infection and 

transfection BiFC assays to assess in vivo PPIs, because of the possible effects of viral proteins and DNA. 
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Two infection conditions were used in this study to assess PPIs by BiFC: MOI 5 without heat 

shock and MOI 1 with heat shock. These conditions were chosen based on the observation that the hsp70 

promoter is constitutively active during baculovirus infection because of the natural induction of the heat 

shock response, and as expression of most of the Venus1 and Venus2 fusion proteins could not be 

confirmed independently by immunoblot without inclusion of heat shock. In future infection BiFC 

experiments, it is recommended that infections are established at MOI 5 without heat shock. The natural 

heat shock response during baculovirus infection was sufficient for expression of the fusion proteins and 

detection of their interactions by BiFC assays. Decreasing the length of the linker between the Venus 

fragment and the protein of interest may reduce the likelihood of proximity-related indirect protein 

interactions during infection, without compromising BiFC of directly interacting proteins. This principle 

has been demonstrated for the complementation of membrane-bound dihydrofolate reductase fragments 

(Remy et al., 1999). A nuclear-localized protein that does not interact with the studied proteins should 

also be used to develop a negative control for the infection experiments (Kerppola, 2006).  

Transfection BiFC assays with the generated PCR fusion plasmid library must be done to detect 

PPIs in the absence of other viral proteins and viral DNA. Those experiments will be crucial to continue 

discussion about the interactions of the core RNApol subunits LEF-4, LEF-8, LEF-9, and P47, as well as 

the significance of their identified interactions, or lack thereof, with LEF-3, P143, and S. frugiperda TBP. 

The identification of potential interacting domains and deletion of those domains, or site specific 

mutagenesis, will be also important in confirming PPI specificity and interaction in the absence of DNA. 

At the non-permissive temperature, LEF-4 (ts538) has a lethal phenotype, yet it retains the enzymatic 

activities of endogenous LEF-4 (Knebel-Morsdorf et al., 2006), indicating that the mutation may disrupt 

an essential PPI within the RNApol complex. Transfection BiFC assays can detect changes to PPI 

strength as fluctuations in fluorescence intensity (Robida & Kerppola, 2009), so changes to PPIs of LEF-4 

as ts538 could be assessed to determine if the point mutation alters a specific PPI of LEF-4. While an 

essential enzymatic or structural function of P47 within the RNApol has not been experimentally 
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determined, P47 ts317 has a similar phenotype as ts538 (Carstens et al., 1994; Partington et al., 1990), so 

the ts317 mutation may also disrupt an essential PPI that could be examined by BiFC assays.  

To facilitate interpretation of the intensity of fluorescence in transfection assays for specific PPIs, 

an internal control could be used to adjust BiFC fluorescence data according to differences in transfection 

efficiency and protein expression. A commonly applied control is a plasmid encoding a full-length 

fluorescent protein with a distinct emission spectrum from the reporter protein (Venus), such as cyan or 

mCherry fluorescent protein (Kodama & Hu, 2013; Kerppola, 2006). The relative ratios of fluorescence 

from the control fluorescent protein and Venus are indicative of the efficiency of BiFC. BiFC transfection 

assays have also been adapted to allow the quantitation of fluorescence from a population of cells, and for 

comparisons of fluorescence between cell populations, particularly through use of fluorescence activated 

cell-sorting (Morell et al., 2009; Morell et al., 2008). This approach may be particularly useful in studies 

of the effects of deletions and mutations on PPIs, to map their interaction interfaces. 

It will be of great interest to extend the BiFC assays to investigate the PPIs of the core viral 

RNApol subunits with other potential transcription factors implicated in late and/or very late 

transcription, to build a more comprehensive model of the in vivo baculovirus RNApol structure and 

transcription mechanism. While in vitro transcription only requires four baculovirus LEFs, no differences 

in transcription efficiencies were noted between late and very late promoters (Guarino et al., 1998b), 

indicating that additional proteins must be present in vivo with essential and/or stimulatory roles to 

provide promoter specificity and enable very late hyperexpression. The characterization of ts mutants and 

transient expression assays, as well as more recent bacmid studies, have identified baculovirus LEFs and 

host proteins that affect late and very late transcription (Table 2). In particular, determining the 

interactions of LEF-5 and LEF-6 with the core RNApol subunits will be important as they stimulate its in 

vitro transcription activity in an additive manner (Guarino et al., 2002a; Lin & Blissard, 2002a). 

An alternative method to assess protein-protein interactions in the presence of DNA, while 

studying protein-DNA interactions, is the chromatin immunoprecipitation assay. The ChIP assay has 
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previously been adapted for use with baculovirus-infected S. frugiperda cells (Ito et al., 2004), and can be 

used to examine transcription factor and viral RNApol interactions at specific DNA sequences (e.g. late 

and very late promoters) (Schuch et al., 2012; Sampath & Deluca, 2008).  

 Conclusions 5.12

In this study, plasmid and virus constructs were generated for BiFC investigation of the protein-

protein interactions of the baculovirus core RNA polymerase subunits, and their potential interactions 

with essential viral DNA replication proteins LEF-3 and P143, as well as the host S. frugiperda TATA 

binding protein. Interactions of those proteins were primarily studied under infection conditions. Self-

association of LEF-4, LEF-8, LEF-9, P47, LEF-3, P143, and S. frugiperda TBP was detected in the 

presence of other viral proteins. LEF-3 acted as a chaperone for the nuclear localization of P143 and may 

also mediate the nuclear localization of the individual core viral RNApol subunits. Interaction of LEF-3 

and S. frugiperda TBP was also detected by transfection and during infection, which may indicate a 

previously unknown method of baculovirus transcription or DNA replication regulation. During 

baculovirus infection, BiFC assays demonstrated protein-protein interactions between the baculovirus 

core RNApol subunits, as well as their interactions with P143 and S. frugiperda TBP. These extensive 

interactions suggest that P143 and S. frugiperda TBP have roles in late and/or very late baculovirus 

transcription. As it was not possible to exclude the effects of other viral proteins or viral DNA in 

mediating protein-protein interactions during infection, further BiFC assays with the generated PCR 

fusion plasmids are necessary to further characterize the interactions and potential functions of the studied 

proteins in vivo. Overall, the work presented here, in combination with previous studies, can be regarded 

as a step towards a better understanding of the structure and transcription mechanism of the RNA 

polymerase responsible for late and very late gene transcription during baculovirus infection. 
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 Appendix A

Sequence alignments of AcMNPV p47 and lef-9 in constructed plasmids 

 

 

 

 

 

 

 

 

Figure A.1. Sequence alterations in AcMNPV late expression factor P47 

Several sequence changes were noted in the AcMNPV p47 sequences within the PCR fusion and pFAcT constructs 

made in this study (A) (Venus1_P47; Venus2_P47), compared to the AcMNPV C6 strain reference sequence 

(P47_REF; NC_001623.1). These changes were consistently observed by sequencing of several independent Venus1 

and Venus2 clones, and were also noted in other constructs that amplified p47 from pHSEHAcp47. The p47 

sequence in pHSEHAcp47 was derived from the L1 strain of AcMNPV, so these consistent sequence alterations 

were thought to be polymorphisms between the plaque-purified L1 and C6 strains of AcMNPV (Vail et al., 1971). 

The locations of the sequence changes present in all p47 sequences are indicated by arrows (red). Silent mutations 

(relative to the C6 strain reference sequence) were noted at nt 288 (A to G), nt 425 (T to G), and nt 724 (T to C). 

Changes to the translated amino acid sequence (B) were caused by mutation of nt 80 (A to T; aa27 tyrosine to 

phenylalanine), and nt 186 (G to A; aa62; methionine to isoleucine). An additional sequence alteration was noted in 

the sequences of Venus1-P47 fusions: nt 557 (A to G; aa186; glutamic acid to glycine), which was not present in the 

Venus2-P47 fusion or reference sequences (blue arrow), indicating that it is likely a spontaneous mutation rather 

than a polymorphism as predicted for other noted sequence alterations.
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Figure A.2. Sequence alterations in AcMNPV late expression factor LEF-9 

Sequence changes in AcMNPV lef-9 in the PCR fusion and pFAcT constructs made in this study (V1_LEF9; 

V2_LEF9), are compared to the AcMNPV C6 strain reference sequence (LEF9_REF; NC_001623.1) (A). These 

mutations (relative to the C6 strain reference sequence) were consistent between Venus1 and Venus2 fusions of  

lef-9. However, the same PCR product source of lef-9 from pHSEHAclef9 was used in PCR to make V1-Aclef9 and 

V2-Aclef9 fusions (see section 4.1.4), so it is unknown if the sequence changes are mutations introduced by PCR 

amplification in this study, or if they indicate polymorphisms between the L1 and C6 strains of AcMNPV. The 

locations of the sequence changes are indicated by arrows (red). Changes to the amino acid sequence (B) were 

caused by sequence alterations of nt 490 (G to T; aa164 aspartic acid (D) to asparagine (N)), and nt 595 (G to T; 

aa199 alanine (A) to serine (S)). 
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 Appendix B

Endogenous LEF-3 expression during baculovirus infection 

 

Figure B.1. Comparison of endogenous LEF-3 expression during recombinant virus infection 

A. Sf21 cells were infected or coinfected with equivalent volumes of the recombinant baculoviruses vAcV1elef3 

(lane 1), vAcV2elef3 (lane 2), vAcV1elef3 and vAcV2elef3 (lane 3), vAcV1lef8 (lane 4), vAcV2lef8 (lane 5), 

vAcV1lef8 and vAcV2lef8 (lane 6), vAcV1lef9 (lane 7), vAcV2lef9 (lane 8), as well as vAcV1lef9 and vAcV2lef9 

(lane 9). Whole cell lysates were collected at 24 hpi. Proteins in equivalent quantities of cells were resolved by SDS-

PAGE, and electroblotted to a nitrocellulose membrane. Venus1 and Venus2 fusion proteins were detected by 

probing with primary antibodies specific for LEF-3 (1:3000) (lanes 1 to 3) or the HA epitope (1:5000) (lanes 4 to 9), 

and with HRP-conjugated secondary antibodies (1:50,000). The expected expressed proteins, and the molecular 

weights of a protein standard, are labelled on the immunoblots. Endogenous LEF-3 was also seen in lanes 1 to 3. 

The relative mobilities of the proteins were consistent with their expected molecular weights (see Table 9). 

 

B. The membrane was washed in TBST and reprobed with a primary antibody directed against LEF-3 (1:3000), and 

an appropriate HRP-conjugated secondary antibody (1:50,000), to detect endogenous LEF-3 expression in all 

sample lanes. Similar endogenous LEF-3 expression is detected in each well, regardless of the baculoviruses used in 

each single infection or coinfection. 
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 Appendix C

Bimolecular fluorescence complementation: reciprocal assays 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. Fluorescence microscopy of single infections of recombinant baculoviruses 

Sf21 cells on coverslips were singly infected with baculoviruses vAcV1elef3 (A), vAcV2elef3 (B), vAcV1hslef3 

(C), vAcV2hslef3 (D), vAcV1hslef3(aa2-83) (E), vAcV2hslef3(aa2-83) (F), vAcV1p143 (G), vAcV2p143 (H), 

vAcV1SfTBP (I), vAcV2SfTBP (J), vAcV1lef4 (K), vAcV2lef4 (L), vAcV1lef8 (M), vAcV2lef8 (N), vAcV1lef9 

(O), vAcV2lef9 (P), vAcV1p47  (Q), or  vAcV2p47 (R). The infections were established at MOI 1 or MOI 5. Cells 

infected at MOI 5 were not heat shocked (-HS). The cells infected at MOI 1 were heat shocked (+HS) at 22 hpi. All 

cells were fixed at 24 hpi, stained with Hoechst, and prepared for fluorescence microscopy. Images of Hoechst and 

Venus fluorescence as well as brightfield cells were captured. Merged fluorescence images are also shown. The 

expected expressed protein and the infection conditions are indicated beside each set of images. Fluorescence was 

not detected in any cells of the single infections that was above the threshold of typically observed uninfected cell 

autofluorescence. 
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Figure C.2. Interaction of LEF-3 and LEF-3(aa2-83) during infection 

To assess the self-association of LEF-3 with hsLEF-3 and eLEF3, Sf21 cells on coverslips were coinfected with 

vAcV1hslef3 and vAcV2elef3 (A). To assess the interaction of LEF-3 with LEF-3(aa2-83), cells were coinfected 

with vAcV1hslef3(aa2-83) and vAcV2elef3 (B) as well as vAcV2hslef3(aa2-83) and vAcV1hslef3 (C). All 

coinfections were done at MOI 1 with inclusion of heat shock at 22 hpi. At 24 hpi the cells were fixed, their nuclei 

were stained with Hoechst, and coverslips were prepared for fluorescence microscopy. Hoechst and Venus 

fluorescence and brightfield whole cell images were photographed. Images of merged fluorescence are also shown. 

The expected expressed proteins and infection conditions are indicated beside each set of images. Fluorescence was 

observed in all coinfections, implying that LEF-3 self-associates and interacts with LEF-3(aa2-83) during 

baculovirus infection.  
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Figure C.3.1. Interactions of the baculovirus RNA polymerase subunits during infection – Part 1 

Protein-protein interactions of LEF-4 with the other baculovirus core RNA polymerase subunits were assessed. Sf21 

cells on coverslips were infected with vAcV1lef4 and vAcV2lef8 (A), vAcV2lef4 and vAcV1lef9 (B), as well as 

vAcV2lef4 and vAcV1p47 (C). Infections were established at MOI 5 without heat shock (-HS), and at MOI 1 with 

heat shock (+HS) at 22 hpi. At 24 hpi, cells of all infections were fixed, stained with Hoechst, and prepared for 

fluorescence microscopy. Images of Hoechst and Venus fluorescence and whole cells in brightfield were 

photographed. Merged florescence images are also included. The expected expressed proteins and infection 

conditions are indicated beside each set of images. Fluorescence was detected for all assessed inter-subunit 

interactions of the baculovirus RNApol subunits, suggesting that LEF-4 interacts with LEF-8, LEF-9, and P47 

during baculovirus infection. 
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Figure C.3.2. Interactions of the baculovirus RNA polymerase subunits during infection – Part 2 

Protein-protein interactions of LEF-8 with LEF-9 and P47, and of LEF-9 with P47, were assessed. Sf21 cells on 

coverslips were infected with vAcV2lef8 and vAcV1lef9 (A), vAcV1lef8 and vAcV2p47 (B), as well as vAcV2lef9 

and vAcV1p47 (C). Infections were established at MOI 5 without heat shock (-HS), and at MOI 1 with heat shock 

(+HS) at 22 hpi. At 24 hpi, cells of all infections were fixed, stained with Hoechst, and prepared for fluorescence 

microscopy. Images of Hoechst stained nuclear and Venus fluorescence, and whole cells in brightfield, were 

photographed. Merged florescence images are also included. The expected expressed proteins and infection 

conditions are indicated beside each set of images. Fluorescence was detected for all assessed inter-subunit 

interactions of the baculovirus RNApol subunits, suggesting that LEF-8 interacts with LEF-9 and P47, and LEF-9 

interacts with P47, during baculovirus infection.
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Figure C. 3 

Figure C.4. Interactions of LEF-3 with P143 and S. frugiperda TBP during infection 

To assess the interaction of LEF-3 and S. frugiperda TBP, Sf21 cells on coverslips were coinfected with 

vAcV2SfTBP and vAcV1elef3 (A), as well as vAcV1SfTBP and vAcV2hslef3 (B). To assess the interaction of 

LEF-3 and P143, cells were coinfected with vAcV2elef3 and vAcV1p143 (C), as well as vAcV2hslef3 and 

vAcV1p143 (D). Coinfection of vAcV1hslef3(aa2-83) and vAcV2p143 was used to investigate the interaction of 

LEF-3(aa2-83) and P143 (E). Coinfections were done without heat shock (-HS) at MOI 5, or at MOI 1 with heat 

shock (+HS) at 22 hpi. At 24 hpi all cells were fixed, stained with Hoechst, and the coverslips were mounted on 

slides for fluorescence microscopy. Images of brightfield whole cells and Hoechst and Venus fluorescence were 

photographed. Merged fluorescence images are also shown. The infection conditions and expected expressed 

proteins are indicated beside each set of images. Fluorescence was detected at all infection conditions, suggesting 

interactions of LEF-3 and S. frugiperda TBP, LEF-3 and P143, as well as LEF-3(aa2-83) and P143, during 

baculovirus infection. 
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Figure C.5. Interaction of eLEF-3 with the baculovirus RNApol subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV2elef3 and vAcV1lef4 (A), vAcV2elef3 and vAcV1lef8 (B), 

vAcV1elef3 and vAcV2lef9 (C), as well as vAcV1elef3 and vAcV2p47 (D). Coinfections were done without heat 

shock (-HS) at MOI 5 or at MOI 1 with heat shock (+HS) at 22 hpi. At 24 hpi the cells were fixed, stained with 

Hoechst, and the coverslips were mounted on slides for fluorescence microscopy. Images of brightfield whole cells 

and Hoechst and Venus fluorescence were photographed. Merged fluorescence images are also shown. The infection 

conditions and expected expressed proteins are indicated beside each set of images. Fluorescence was detected at all 

infection conditions in the BiFC assays, suggesting interactions between LEF-3 and LEF-4, LEF-8, LEF-9, and P47, 

during baculovirus infection. 
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Figure C.6. Interaction of hsLEF-3 with the baculovirus RNApol subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV1hslef3 and vAcV2lef4 (A), vAcV1hslef3 and vAcV2lef8 (B), 

vAcV1hslef3 and vAcV2lef9 (C), as well as vAcV1hslef3 and vAcV2p47 (D). All infections were done at MOI 1 

with heat shock (+HS) at 22 hpi. At 24 hpi the cells were fixed, stained with Hoechst, and the coverslips were 

mounted on slides for fluorescence microscopy. Images of Hoechst and Venus fluorescence and brightfield whole 

cells were captured. Merged fluorescence images are also shown. The infection conditions and expected expressed 

proteins are indicated beside each set of images. BiFC fluorescence was observed for all assessed interactions, 

suggesting that each baculovirus core RNApol subunit interacts with LEF-3 during baculovirus infection. 
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Figure C.7. Interaction of hsLEF-3(aa2-83) with the baculovirus RNApol subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV1hslef3(aa2-83) and vAcV2lef4 (A), vAcV1hslef3(aa2-83) and 

vAcV2lef8 (B), vAcV1hslef3(aa2-83) and vAcV2lef9 (C), as well as vAcV1hslef3(aa2-83) and vAcV2p47 (D). All 

infections were established at MOI 1 with heat shock (+HS) at 22 hpi. At 24 hpi the cells were fixed, stained with 

Hoechst, and the coverslips were mounted on slides for fluorescence microscopy. Images of Hoechst and Venus 

fluorescence and brightfield whole cells were captured. Images of merged fluorescence are also included. The 

infection conditions and expected expressed proteins are indicated beside each image set. BiFC fluorescence was 

observed for all assessed interactions, suggesting that each baculovirus core RNApol subunit interacts with  

LEF-3(aa2-83) during baculovirus infection. 
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Figure C.8. Interaction of P143 with the baculovirus RNApol subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV1p143 and vAcV2lef4 (A), vAcV1p143 and vAcV2lef8 (B), 

vAcV1p143 and vAcV2lef9 (C), as well as vAcV1p143 and vAcV2p47 (D). Infections were established at MOI 5 

without heat shock (-HS), and at MOI 1 with heat shock (+HS) at 22 hpi. At 24 hpi all cells were fixed, stained with 

Hoechst, and the coverslips were mounted on slides for fluorescence microscopy. Images of Hoechst and Venus 

fluorescence and brightfield whole cells were captured, and merged fluorescence images are also shown. The 

infection conditions and expected expressed proteins are indicated beside each set of images. BiFC was detected for 

all infections, suggesting that P143 interacts with LEF-4, LEF-8, LEF-9, and P47 during baculovirus infection. 
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Figure C.9. Interaction of S. frugiperda TBP with the baculovirus RNApol subunits during infection 

Sf21 cells on coverslips were coinfected with vAcV1SfTBP and vAcV2lef4 (A), vAcV1SfTBP and vAcV2lef8 (B), 

vAcV1SfTBP and vAcV2lef9 (C), as well as vAcV1SfTBP and vAcV2p47 (D). All infections were established at 

MOI 1 and the cells were heat shocked (+HS) at 22 hpi. At 24 hpi the cells were fixed, stained with Hoechst, and the 

coverslips were mounted on slides for fluorescence microscopy. Images of Hoechst and Venus fluorescence and 

brightfield whole cells were captured, and merged fluorescence images are also shown. The infection conditions and 

expected expressed proteins are indicated beside each set of images. BiFC was detected for all infections, suggesting 

that S. frugiperda interacts with LEF-4, LEF-8, LEF-9, and P47 during baculovirus infection. 


