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Abstract 

Late expression factor 3 is one of the six AcMNPV genes essential for DNA replication 

identified through transient replication assays. LEF-3 is a single stranded DNA binding protein 

responsible for the transportation of the viral helicase (P143) into the nucleus of the infected cell. 

In this study, a protein complementation-based assay was adapted to identify the region(s) of 

LEF-3 that is (are) involved in LEF-3-LEF-3 protein interactions. The full-length LEF-3, or 

various truncated LEF-3 regions were fused with Venus1 (N- terminus portions of full length 

Venus, a modified yellow fluorescence protein) or Venus2 (C- terminus). Venus1 and Venus2 

fragments generated a functional fluorescent Venus protein when the two fragments were brought 

together by protein-protein interaction of the fused LEF-3 constructs. Fluorescence generated by 

coexpression of full-length LEF-3 fusion proteins confirmed that LEF-3 exists as homo-oligomer. 

Interaction between the full-length and the N- terminal (aa 1-189) or C- terminal regions (aa 190-

385), and between the various truncated LEF-3 regions suggested the complexity of LEF-3 

oligomeric structure. LEF-3 constructs deleted for NLS function revealed cytoplasmic 

fluorescence, suggesting that LEF-3-LEF-3 interactions occur in the absence of DNA or nuclear 

proteins. Because LEF-3 is essential for nuclear transporting the viral helicase (P143), the ability 

of LEF-3 to interact with another viral protein was investigated. P47, a sub-unit of the viral RNA 

polymerase was chosen because it is cytoplasmic when expressed on its own. The interaction 

between LEF-3 and P47 produced complete nuclear localized fluorescent signals. Overall, the 

results suggest that there are multiple regions of LEF-3 that are capable of closely interacting, and 

that multiple domains are likely involved in the oligomerization of full-length LEF-3. The 

interaction of LEF-3 with P47 suggests that P47 may be another LEF-3 cargo protein. 
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

It is well known that most viruses are agents of many human diseases; however, species 

such as baculoviruses are generally considered to be beneficial to humans (Carstens, 1980). The 

journey into unraveling the importance of baculoviruses to human beings began with studies that 

explored the wilting disease of silkworm (Benz, 1986; Basil, 2005) by Marco Vida of Cremona, 

an Italian bishop in the 16th century. Several lines of evidence indicate that the biological 

importance of baculoviruses has been increasing since the discovery of its biopesticide potential 

in crop fields in the 1940’s. A unique feature of this discovery is the ability of each virus species 

to cause disease in only one or a small number of closely related host insect species. Owing to 

this narrow host specificity, baculoviruses are employed as selective agricultural biological 

insecticides (Szewczyk et al., 2006; Inceoglu et al., 2001). Despite the increase in the biological 

importance of baculoviruses, there are a few shortcomings. For instance, prolongation of the 

lavae stage as a result of the inactivation of the homone ecdysone, which is responsible for the 

molting of the larvae, causes the infected larvae to feed more, and subsequently leads to more 

crop damage before they eventually die (Szewczyk et al., 2006). In many cases, it takes 5-7 days 

after infection before the larvae dies. Thus, the use of baculovirus as a biological pesticide has 

been limited because of its low virulence, long killing time and its narrow host range. Several 

measures have been taken to enhance baculovirus biopesticide performance, including 

introduction of insect specific hormones or toxin genes into original baculovirus model and 

deletion of certain viral genes. Other studies have focused on the expansion of baculovirus host 

range in order to widen their infectivity. 
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Between 1980 and 1990, a new research in baculovirus was initiated by the discovery of 

an unusual strong promoter that drives the expression of one of the viral very late genes, 

polyhederin (polh), resulting in production of large amount of this gene product (polyhedrin) in 

the infected cells. The replacement of the gene with a foreign gene has led to the design of 

baculovirus expression vectors that have been successfully applied in the synthesis of various 

proteins controlled by the polyhedrin gene promoter (Kost et al., 2005). The vectors are capable 

of accommodating large amounts of foreign DNA and producing very high levels of biologically 

active foreign eukaryotic proteins (Fraser, 1992; Hitchman et al., 2009). 

Also, as a result of the successful transduction of baculovirus into mammalian cell lines 

under the control of a suitable promoter without replicating its genomes, the idea of using 

baculovirus in gene therapy treatment is now being vigorously pursued as a novel approach to 

solving many clinical problems (Szewczyk et al., 2006; Hu, 2006; Oker-Blom et al., 2003; 

Chuang et al., 2007; Airenne et al., 2000; Bonning and Nusawardani, 2007).  

The success of these applications required a better understanding of the baculovirus 

infectious process both at the cellular and molecular level. Current information about baculovirus 

is summarized below. Many aspects of baculovirus gene expression and replication remain 

unclear. 

1.2 Baculoviridae Taxonomy 

Baculoviridae is a family of large rod-shaped, enveloped viruses with a double-stranded 

circular DNA genome. Baculoviruses are pathogenic to insects and other arthropods. Lepidoptera 

(butterflies and moths), Hymenoptera (bees and wasps) and Diptera (mosquitoes and true flies) 

are the three major orders of arthropods infected by baculoviruses (Fauquet et al., 2005). Based 

on phylogenetic, biological and morphological characteristics, baculoviruses are grouped into 

four genera; Alphabaculovirus, Betabaculovirus, Gammabaculovirus and Deltabaculovirus. 



 

 3 

Fifty-four species of baculovirus have been sequenced to date (NCIB Genomes, December 2010). 

Thirty-six species belong to Alphabaculovirus, twelve are Betabaculovirus, three are 

Gammabaculovirus while the remaining are either Deltabaculovirus or unclassified (Carstens and 

Ball, 2009). The genomic analysis reveals the degree of genetic diversity of baculovirus. The 

majority of baculoviruses used as biological control agents are members of Alphabaculovirus, 

Deltabaculovirus and Gammabaculovirus (Carstens and Ball, 2009). 

1.3 Baculovirus replication cycle 

Autographa californica multiple nucleopolyhedrovirus (AcMNPV), the most studied of 

all baculoviruses, has a circular double stranded DNA (dsDNA) genome of 134kb (Ayres et al., 

1994) encoding 156 open reading frames. The host insect is the Alfalfa looper and the preferred 

insect host cell line is Spodoptera frugiperda (Sf21) cells (Ayres et al., 1994). During the 

AcMNPV life cycle, two phenotypic forms are produced, the occlusion derived virion (ODV) and 

the budded virus (BV). These two phenotypes are produced by the infected cell at different points 

in the infection cycle, and have distinctly different morphologies and functions. BVs are 

responsible for the spread of the virus from cell to cell whereas ODVs are needed for 

transmission from insect to insect. 

Viral infection of susceptible insects occurs in two stages. The first stage, which is the 

primary infection, begins when the occlusion bodies containing ODV are ingested by the host 

insect and move through the peritrophic membrane to the midgut. Then, the occlusion bodies are 

dissolved by the alkaline environment in the midgut and the ODV are released (Bonning and 

Nusawardani, 2007). The ODVs enter the midgut cells by fusion of the virion envelope with the 

cellular plasma membrane (Keddie et al., 1989). As soon as they enter the cytoplasm, the virions 

are uncoated, and the nucleocapsid is transported to the nucleus, where DNA is released, and the 

viral replication cycle begins. 
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The second stage, which is the secondary infection, involves the spreading of the BV 

through the circulatory system to other cells within the host system. During the early stages of the 

infection, the newly synthesized virions are transported out of the nucleus of the infected cell and 

bud through the plasma membrane. At a later stage of infection, the production of budded viruses 

decreases and the newly made virions remain in the nucleus. These virons became occluded into a 

crystalline protein matrix to form ODV. The result of the infection is the liquefaction of the insect 

and the release of the ODV from the cell into the environment (Szewczyk et al., 2006; Bonning 

and Nusawardani, 2007). The occlusion bodies act as a protective shield, allowing the virus to 

survive environmental conditions, such as sunlight and heat, until they are ingested by another 

insect host to start a new infection cycle. The mechanism by which the production of BVs 

switches to the production of ODVs remains unknown. These two phenotypic forms are 

considered as the characteristics of late stages of the viral replication.  

The early stages of viral replication are marked by the expression of genes that are 

essential for viral DNA replication. Baculovirus gene expressions are temporally divided into 

three stages relative to the initiation of DNA replication; the early, late and very late stages post 

infection (Carstens et al., 1979). The early gene expression occurs prior to initiation of viral DNA 

replication by the host RNA polymerase. The products of early gene expression are utilized to 

initiate the viral DNA replication (Lu and Miller, 1995; Friesen and Miller, 1986). The late and 

the very late stages, regulated by a viral RNA polymerase occur either simultaneously with or 

after the initiation of DNA replication. The late gene products serve as structural proteins and the 

very late proteins are involved in the formation of occlusion bodies (Lu and Miller, 1995; Fuchs 

et al., 1983). In the AcMNPV life cycle, the approximate time frame for each of these events is as 

follows: immediate early gene expression occurs from 0 to 3hrs, followed by delayed early genes 

expression from 3 to 6 hrs. DNA replication occurs between 6 to 8 hrs, late gene expression 
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occurs from 6 to 24 hrs and very late gene expression after 12 hours (Carstens et al., 1979; 

Blissard and Rohrmann, 1990; Tjia et al., 1979). Though the mechanism for the regulation is not 

yet known, it is believed that these sequential expressions are regulated at the level of 

transcription in which late and very late genes expression depend on early viral gene expression 

and DNA replication (Passarelli and Guarino, 2007). 

1.3.1 Genes Essential for Baculovirus DNA Replication 

Transient replication assays were used to investigate the genes that are essential for 

baculovirus DNA replication (Kool et al., 1994a). These experiments involved co-transfection of 

a series of plasmids containing specific AcMNPV baculovirus genes together with a reporter 

plasmid carrying a viral origin of replication into Sf21 cells. Replication of an origin-containing 

plasmid was indicated by the production of Dpn1-resistant plasmid DNA. The Six gene products 

were found to be essential. An activator of transcription (ie-1), a primase (lef-1), a primase 

accessory factor (lef-2), a helicase (p143), a DNA polymerase (dnapol) and a single-stranded 

binding protein (lef-3). Other genes were found to be stimulatory (ie-2 and pe-38 and an apoptosis 

inhibitor (p35)) (Lu and Miller, 1995; Kool et al., 1994a; Vanarsdall et al., 2007). The location of 

the replication essential genes and homologous regions on the AcMNPV genome is shown in 

Figure 1. A summary of the essential genes, with more detailed information on lef-3 are given in 

the following subsections. 

1.3.1.1 IE-1 (Ac147) 

IE-1 is an immediate early protein which acts as a transcriptional activator (Guarino and 

Summers, 1986a). It is detectable as early as 2-hour post infection. IE-1 performs dual purposes 

in transcription. It acts as a transactivator for all known early genes and a down-regulator of 

immediate early gene (ie-0) promoter 
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Figure 1. Location of replication genes and homologous repeat regions (hrs) on the 
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(Guarino and Summers, 1986a; Kovacs et al., 1992; Lu and Carstens, 1993). The presence of hr 

sequences enhances the activation of early gene promoters by IE-1 (Guarino and Summers, 

1986b). The binding of IE-I, in a dimeric form, to hr-containing DNA (Rodems and Friesen, 

1995) indicates that IE-I may also be an origin binding protein and a core member of pre-

replication complex proteins required for initiation of DNA replication. This finding was 

supported by experiments revealing the formation of a complex consisting of IE-1, P143 and 

LEF-3 on DNA (Ito et al., 2004). 

1.3.1.2 Helicase (P143)  

Helicases are motor proteins, which use free energy from the hydrolysis of ATP to 

unwind double stranded DNA (dsDNA). Helicases are involved in DNA replication, 

recombination, transcription and repair. They also serve in the removal of secondary structures in 

RNA (Tuteja and Tuteja, 2004). The helicase activity of AcMNPV has been assigned to p143 

gene (1221 amino acid, 143KDa protein) (Lu and Carstens, 1991). p143 is an early gene. Its 

protein product is detected in infected cells by 4 hr after infection, and remains stable over 72 

hour after infection (Lu and Carstens, 1992; Laufs et al., 1997). P143 requires LEF-3 for its 

nuclear localization (Wu and Carstens, 1998; Chen and Carstens, 2005). The classification of 

P143 as a helicase was based on the presence of seven predicted motifs, shared with proteins that 

specialize in unwinding duplex DNA and binding NTP. P143 stimulates ATPase activity on 

binding to DNA, and it non-specific binds to both dsDNA and ssDNA (Laufs et al., 1997; 

McDougal and Guarino, 2000) 

1.3.1.3 DNA polymerase 

A baculovirus DNA polymerase gene was first identified from larvae of Bombyx mori 

infected with BmNPV and later in AcMNPV (Miller et al., 1981; Mikhailov et al., 1998). It codes 
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for a 994 amino acid protein (115KDa). Like other polymerases, baculovirus DNA polymerase 

regulates the elongation of newly synthesized DNA by incorporating DNA nucleotides to the 3’ 

OH end of synthesized RNA primer. Both AcMNPV and BmNPV DNA polymerases possess 

3’→5’exonuclease activity for the removal of any mismatched incorporated nucleotide 

(proofreading) during DNA replication but lack 5’→3’ exonuclease activity that might be used 

for removing RNA primer (Hang and Guarino, 1999). It is unknown if the virus depends on the 

host enzyme(s) for this function. 

1.3.1.4 LEF-1 and LEF-2 

After successful initiation of DNA replication and unwinding of the duplex DNA to 

produce ssDNA, a short nucleotide sequence (primer) with free 3’OH end is required for the 

DNA polymerase elongation. This primer is synthesized by a class of RNA polymerase called a 

primase. LEF-1 has a conserved primase domain (WVVDAD) aa sequence. When the domain 

was mutated to WVVQAD (Evans et al., 1997), replication was inhibited.  

The specific function of LEF-2 in baculovirus DNA replication has not been discovered. 

However, the co-elution of LEF-2 with LEF-1 from ssDNA cellulose and DEAE resin, and their 

interaction as observed in a two yeast hybrid experiment, suggested that lef-2 may serve as an 

accessory gene to lef-1 (Evans et al., 1997). 

1.3.1.5 LEF-3 

LEF-3 is a delayed early protein common to all species of Alphabaculoviruses and some 

Betabaculoviruses. It is a multifunctional ssDNA binding protein that is essential for viral DNA 

replication and late gene expression (Hang et al., 1995; Mikhailov, 2000). AcMNPV LEF-3 can 

be detected by 4 hr post infection (hpi) with increased expression level through to 24 hpi (Chen et 

al., 2004). It is a 385 aa polypeptide, with an estimated α-helix content of more than 40% and a 
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molecular weight of 44.5 kDa. It undergoes unfolding in aqueous solution and initiates a strand 

exchange reaction by eliminating secondary structures in ssDNA (Li et al., 1993; Mikhailov et al., 

2006). Recent studies indicate that LEF-3 exists as homodimers or multiples of homodimers 

(Mikhailov et al., 2008). 

LEF-3 localizes to the nucleus and it is necessary for transporting P143 to the nucleus 

where they are both required for viral replication (Wu and Carstens, 1998; Chen and Carstens, 

2005). Like other SSB proteins, it has been predicted that LEF-3 helps in preventing the ssDNA 

from returning to dsDNA during the course of replication, and it may also protect the single-

stranded regions from hydrolysis by nuclease (Mikhailov et al., 2006; Mikhailov et al., 2004).  

1.4 Functions of LEF-3 

Existing data suggested that LEF-3 has several functional domains including a self-

interaction domain, a P143 interaction domain, a ssDNA interaction domain, a nuclear 

localization domain, a alkaline nuclease interaction domain and an importin interacting domain. 

The proposed structural domains of LEF-3 are displayed in Figure 2 and discussed in detail 

below. 

1.4.1 LEF-3 Interaction with P143 

A study of interaction between LEF-3 mutants and a full length P143 using yeast two 

hybrid assays (Y2H) showed that LEF-3 aa 1-165 contains the P143 interaction site but does not 

support DNA replication (Evans et al., 1999). However, another study by Chen and Carstens 

(2005), suggested that the P143 binding domain may lie between amino acids 83 and 125 of LEF-

3. 
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Figure 2. Schematic diagram of LEF-3 domains 

Full-length LEF-3 (row 1, green), DNA binding domain (row 2, red), predicted DNA binding 
domains (row 3, blue), nuclear localization signal domain (row 4, pink), P143 interacting domain 
(row 5, purple), predicted P143 interacting domain (row 6, yellow), alkaline nuclease interacting 
domain (row 7, black), LEF-3 structural core elements (row 8, grey), the oligomerization domain 
(row 9, green). The corresponding amino acid residues in each region are indicated in bracket to 
the right and the numbers above row 1 refer to the amino acids beginning from the N-terminus of 
LEF-3. 
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Site directed mutagenesis of two highly conserved cysteines in positions 86 and 106 showed no 

significant alteration in LEF-3/ P143 interaction, suggesting that these amino acids are not 

involved in LEF-3/P143 interaction (Au et al., 2009). Apart from P143, LEF-3 has not been 

shown to interact with any other viral protein. 

1.4.2 AcLEF-3 Self-Interaction 

Previous results revealed that LEF-3 forms homotrimers in solution (Evans and 

Rohrmann, 1997). A Y2H study revealed that except for the full length LEF-3, none of the 

several constructs of N- and C- terminal deletion clones (aa 1 to 370, 1 to 314, 311 to 383, 244 to 

385, 165 to 385, and 77 to 385) of LEF-3 interact with another full length LEF-3 (Evans and 

Rohrmann, 1997). This suggested that the interaction domain between LEF-3 and itself contains 

components of both the N- and C- terminal regions or that the secondary structures required for 

the interaction have been disrupted as a result of the deletions. The deletion clones, listed above, 

also failed to support replication in transient replication assays, suggesting that the expression of 

the full length lef 3 gene is a requirement for DNA replication to occur. 

1.4.3 LEF-3 Interaction with DNA 

LEF-3 localizes to virus replication factories called the virogenic stroma (Okano et al., 

1999). The virogenic stroma is a network of electron dense material containing numerous 

intrastromal spaces in which virion assembly is thought to occur. The LEF-3 region of amino 

acids 28-326 has been implicated as the ssDNA binding domain (Okano et al., 2006). Amino 

acids 39-104 and 183-256 have been predicted to be the ssDNA binding domains (Okano et al., 

2006). Thus, it is not known what specific region of LEF-3 is required for DNA binding. 
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1.4.4 IE-1- P143- LEF-3 Interactions 

Using chromatin imunoprecipitation (ChIP) assays, a complex of IE-I, P143 and LEF-3 

was detected on viral DNA (Ito et al., 2004), suggesting that these three proteins may be part of 

replisome and the point of their attachment on the genome could be the origin of replication in 

vivo. While almost all nuclear IE-1 and P143 were bound to DNA, only about 30% of nuclear 

LEF-3 was bound to DNA (Ito et al., 2004). It is not known what role the remaining LEF-3 plays 

in virus replication. 

1.4.5 LEF-3-Alkaline Nuclease putative Interactions 

AcMNPV alkalkine nuclease (AN), a 419 aa, and 48.3 kDda protein, posseses 5’→3’ 

exonuclease activity. A study of interaction between LEF-3 mutants and an alkaline nuclease 

using yeast two hybrid assay showed a significant level of interaction between AN and full-length 

LEF-3 (Mikhailov et al., 2003). It is not yet clear how LEF-3 influences alkaline nuclease 

activity, and if the interaction between LEF-3 and alkaline nuclease is direct or indirect. 

However, following a co-precipitation of LEF-3 with His-tagged alkaline nuclease during affinity 

purification of AN, a direct interaction of LEF-3 with alkaline nuclease was suggested (Mikhailov 

et al., 2003). Both LEF-3 and alkaline nuclease are believed to form hetero-oligomers. However, 

saturation of ssDNA with LEF-3 prior to the addition of LEF-3/AN complexes showed a decrease 

in the DNA hydrolytic activity of the complex (Mikhailov et al., 2003). This result led to the 

suggestion that dsDNA is likely the substrate for AN in the infected cells with LEF-3 possibly 

playing the accessory role.  

1.4.6 AcMNPV LEF-3 Nuclear Localization Signal  

Proteins required for the baculovirus DNA  replication are synthesized in the cytoplasm 

and transported into the host nucleus where viral DNA replication takes place. The ability of 
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LEF-3 to self-localize into the nucleus and mediate nuclear colocalization of P143 was 

discovered by Wu and Carstens (1998). Transportation of LEF-3 across the nucleus involves an 

active transport. This requires LEF-3 to carry an appropriate nuclear targeting signal (NLS) 

recognized by carrier proteins generally called “Karyopherins”. A group of karyopherins known 

as importins are responsible for the transportation of the cargo protein into the nucleus while the 

second group called exportins export large protein from the nucleus. Macromolecules are 

transported into the nucleus through the interaction of the carrier proteins (importins) and the 

nuclear pore complex (NPC). NPC is a set of proteins embedded in the nuclear envelope (Au et 

al., 2009; Grundt et al., 2007). A classical NLS consists of a short sequence enriched in basic 

amino acids that can either be monopartite or bipartite. The first group contains three to five basic 

amino acids with the weak consensus Lys-Arg/Lys-X-Arg/Lys. The second group, the bipartite 

group of NLSs consists of two small clusters of basic amino acids separated by ten to twelve 

amino acid residues (Grundt et al., 2007).  

It has been demonstrated that amino acids 2-56 of AcMNPV LEF-3 contain the nuclear 

localization signal (NLS) (Chen and Carstens, 2005) with the LEF-3 basic amino acids 26-32 

constituting the NLS core elements (Au et al., 2009). The host importin that interacts with and 

which is responsible for translocation of LEF-3 and its cargo proteins into the nucleus has not 

been identified. 

1.5 Protein-Protein Interactions 

A first step in defining the function of a gene is to determine its interactions with other 

gene products. The second step is to perform functional assays in cells or organisms from which 

the gene is derived (Remy and Michnick, 2001). Most physiochemical methods, such as co-

purification and affinity precipitation assays, that allow direct detection of protein interactions, 

require the removal of the proteins from their native environment. This removal makes it difficult 
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to assess the in vivo significance of their results. On the other hand, genetic methods, such as the 

Y2H that enables detection of protein interactions in the cells are generally based on indirect 

protein interactions. The method also requires nuclear importation and can be confounded by 

proteins that activate transcription in the absence of a binding partner. While Y2H system allows 

detection of weaker interactions, it is characterized by abundant false positives. The failure of 

detecting protein interactions based on screening methods such as Y2H to provide immediate 

information on the relevance of a gene product in a specific cellular function led to the 

development of cDNA library screening strategy that uses a fluorescent based protein fragments 

complementation assay (Remy and Michnick, 2004; Remy and Michnick, 2007). The strength of 

this technique lies in its application to establish how proteins and other biological molecules 

interact in living cells, and simultaneously reveals the biological relevance of these interactions. 

1.5.1 Protein Complementation Assay 

Protein complementation assay (PCA) is based on the construction of reporter protein 

fragments that neither exhibit functional activity by themselves nor fold spontaneously. However, 

when the fragments are fused to two interacting proteins, the interaction of the hybrid proteins 

cause the two reporter fragments to approach, fold into the active three-dimensional structures 

and form a complete active reporter protein as shown in Figure 3 (Nyfeler et al., 2005). 

PCA is a simple method that can reveal protein-protein interactions and help establish 

functions. This is achieved by first measuring the interaction among the proteins encoded by the 

genes of interest, then observing what happens to these interactions when disturbed either by 

hormone or any other biochemical changes that are known to alter the specific biochemical 

pathway in which the proteins participate, or by monitoring subcellular location and induced 

translocation of complexes (Nyfeler et al., 2005; Michnick et al., 2007). 
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Figure 3. Schematic diagram representing the principle of PCA assay 

Two non-active fragments (YN and YC) of a fluorescent reporter protein are fused to two 
putative interaction proteins (A and B). An interaction between the proteins facilitates association 
between the fragments to produce a fluorescent complex (Kerppola, 2006). 
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PCA provides the potential for a direct detection of protein interactions in living cells with 

minimal disturbance of their normal environment. PCA does not require stoichiometric complex 

formation and nor does it require specialized equipment nor post-acquisition image processing for 

data interpretation. Finally, depending on the choice of the reporters, simultaneous observation of 

multiple protein-protein interactions can be achieved with PCA (Magliery et al., 2005). A number 

of reporter proteins upon which PCAs have been based include glycinamide and ribonucleotide 

transformylase (Michnick et al., 2000), green fluorescent protein (GFP) and its colour variants 

(Magliery et al., 2005), firefly, Renilla and Gaussia luciferases (Ozawa et al., 2001; Luker et al., 

2004; Paulmurugan and Gambhir, 2005; Remy and Michnick, 2006) and murine dihydrofolate 

reductase (mDHFR) (Remy and Michnick, 2001; Pelletier et al., 1998). PCA compared to other 

similar techniques such as conventional Y2H systems are unique in the sense that the folding of 

the enzyme from its fragment (as detected by reconstitution of activity) depends absolutely on the 

binding together of interacting proteins (Michnick et al., 2000; Pelletier et al., 1999).  

Since PCA relies on the interaction of two separate proteins of interest to bring the two 

fragments reporter proteins into proximity, it is reasonable to know how close the fragments 

must be to ensure correct folding and reconstitution of the reporter activity. Currently, no distance 

limitation has been specified between the fragments. Literature has shown a reconstitution of 

activity between reporter fragments that were 10 and and 120 angstrom apart, as long as the 

linkers between the reporter fragment and the gene of interest have sufficient flexibility to allow 

the fragments to interact (Remy and Michnick, 2007; Hu and Kerppola, 2003). The length of 

linkers in the literature varies from 5 (RSIAT) to 17 (RPACKIPNDLKQKVMNH) amino acids 

(Remy and Michnick, 2007; Hu and Kerppola, 2003). Generally, it has been shown that the 

interacting protein partners do not need to position the fragments either in a specific orientation or 

within a fixed distance from each other. Remy and colleague have predicted that a ten amino acid 
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residues linker with a sequence of (GGGGS)2 is long enough for any size of protein participating 

in protein-protein interactions to avoid any steric constraint between the interacting proteins, that 

could prevent the association of the fragments within a complex (Remy and Michnick, 2001; 

Remy et al., 1999).  

PCA works with broad array of cell lines, the choice of cell lines is not a limiting factor 

to the application of PCA (Luker et al., 2004; Paulmurugan et al., 2002; Paulmurugan and 

Gambhir, 2003). Another critical concern is the size of protein that can work with PCA. At this 

moment, there is no apparent cap on the size of proteins that can be tested with PCA and the 

interacting partners need not be present in a stoichiometric ratio. These attributes further 

strengthen the applicability of PCAs. Moreover, there is no need for protein purification. In 

summary, PCA allows: 1) detection of protein-protein interaction in vivo and in vitro in any cell 

type; 2) detection of protein-protein interactions in appropriate sub-cellular compartments or 

organelles; 3) detection of interactions that are induced in response to developmental, nutritional, 

environmental, or hormone-induced signals, and 4) monitoring of kinetic and equilibrium aspects 

of protein assembly in cells. 

In spite of the remarkable advantages of PCAs over other existing techniques, its 

potential is limited by a few factors. Real-time detection of rapid changes in protein-protein 

interaction cannot be achieved at the moment because it takes some time for the fluorophore to 

mature. Also, the approach is not suitable for use in organisms that are obligate anaerobes 

because the formation of fluorophore requires molecular oxygen (Kerppola, 2006). 

One of the challenges for the construction of PCA was the the choice of location for 

reporter fragment fusion to the putative interaction partners, for the reporter fragments to 

associate if the putative partner interacts. The only existing strategy, to generate fusion proteins 
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that allow fluorescence complementation, is to fuse each of the fluorescent protein fragments to 

either end of each interaction protein and test them experimentally. 

1.6 Research objective 

This study was designed to investigate LEF-3-LEF-3 interaction and to determine 

essential LEF-3 oligomerization domain(s). Previous studies using Y2H and mutagenesis 

suggested that the entire length of LEF-3 was required in its oligomerization (Evans and 

Rohrmann, 1997), and that the expression of the full-length LEF-3 is required for DNA 

replication and late gene expression. However, it had been demonstrated that deletion of the first 

twelve amino acids of the LEF-3 N terminal did not affect its ability to localize to the nucleus or 

support late genes expression (Au et al., 2009). In addition, most SSB proteins consist of a 

common oligonucleotide-oligosaccharide binding (OB) fold structure (Bochkarev and 

Bochkareva, 2004; Carlini et al., 1998). The OB fold consists of two three-stranded anti-parallel β 

sheets, with the first strand shared by both sheets, and capped by an α- helix located between the 

third and the fourth strands (Suck, 1997). This domain is also involved in the oligomerization of 

SSB monomers to assemble four copies of OB domains and form a tetrameric structure that is 

required for the binding of single stranded DNA (Bernstein et al., 2004).  

Since most OB domains are made up of 70 to 150 amino acid residues (Murzin, 1993; 

Theobald et al., 2003), it is unexpected that all the 385 amino acids of LEF-3 would be essential 

for its oligomerization. Unlike nuclear localization signal domains, no strong sequence 

relationship has been established between the disparate members of the OB-fold family 

(Theobald et al., 2003), making it difficult to predict potential LEF-3 oligomerization domains 

based on sequence similarity with any other single stranded binding protein. This study sought to 

investigate LEF-3 functional domains by PCA and to investigate possible protein-protein 

interactions between LEF-3 and P47. 
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Chapter 2 

Materials and Methods 

2.1 Cell line and cell culture techniques 

Spodoptera frugiperda (Sf21) cells, (IPLB-SF-21), derived from the fall army worm 

pupal ovaries (Vaughn et al., 1977), were maintain in monolayer cultures with TC-100 insect cell 

culture medium supplemented with 10% fetal calf serum. The cells were incubated at 28°C. 

Vero cells, obtained from Dr Banfield’s lab, were a derived product from the kidney 

epithelial cells of African green monkey (Nicole et al., 2008; Yasumura and Kawatika, 1963). 

The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% fetal calf serum in a 5% CO2 environment at 37°C. The TC-100 or DME media 

supplemented with FCS is generally called complete media. 

2.2 Transfection 

1 x 106 Sf21 cells were seeded in 35 mm tissue culture petri dishes and allowed to adhere 

overnight at 28°C. A stock of DOPE (13.4 µM L-α-Phosphatidylethanolamine, dioleoyl/6.6 µM 

dimethyldioctadecyl-ammonium bromide) liposome chemicals (Sigma) was prepared and stored 

at -80°C (Wang et al., 1996; Staggs et al., 1996; Campbell, 1995). Immediately before 

transfection, 50 µl of the DOPE/DDAB stock (20X) was diluted in 1 ml of dH20 and then 

vortexed. Cells were transfected with 2-4 µg of DNA and 24-48 µl (12 µl of DOPE to 1 µg of 

DNA) of diluted DOPE/DDAB reagent. The transfection mixture was then diluted to a final 

volume of 200 µl in TC-100. After incubating the transfection mixture for 30 minutes at room 

temperature, 800 µl of TC-100 was added to the mixture to make a total volume of 1 ml. Cells 

were washed three times with TC-100 prior to transfection and the last wash was replaced with 

the transfection mixture and incubated at 28°C for 4 hours. After incubation, the mixture was 
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removed, the cells were washed with 1 ml of TC-100 and then incubated in 1.5 ml of complete 

media with 15 µg/ml gentamycin sulphate (Sigma) at 28°C. At 22 hours after transfection, cells 

were heat shocked at 42°C for 30 minutes to activate Drosophila melanogaster heat shock 70 

promoter (Rapp et al., 1998), and returned to the incubator at 28°C for additional 2 hours before 

harvesting for western analysis or processing for fluorescence microscopic analysis (Chen and 

Carstens, 2005).  

Transfection of Vero cells were carried out as described above with DMEM replacing the 

TC 100 medium and complete DMEM replacing complete TC 100 medium. Cells were incubated 

in a 5% CO2 environment at 37°C instead of 28°C. 

2.3 DNA analysis 

2.3.1 Media and growth conditions 

E coli cultures were grown in liquid Luria Bertani (LB) medium at 37°C for 16-18 hours 

(with shaking at 185 rpm) and in solid media in an incubator at 37°C with ampicillin (50 µg/ml) 

for selection. 

2.3.2 Plasmid DNA isolation 

Most of the plasmid DNA preparation for this study was carried out using the alkaline 

lysis method. Briefly, a single bacterial colony of E coli carrying the plasmid of interest was 

inoculated into 5-10 ml LB medium [1% w/v tryptone (Difco laboratories), 0.5% w/v yeast 

extract (ICN), 1% glucose (BDH), pH7.0] containing 50 µg/ml ampicillin. After 16-18 hours of 

culturing in a shaking incubator at 185 rpm, the culture was transferred to 1.5 ml microfuge tube 

(1.5 ml three times) and centrifuged using bench top micro centrifuge at 13,000 rpm for 30 

seconds each time. The supernatant was discarded and the pellets were re-suspended in 100 µl of 

GET buffer [50 mM glucose, 25 mM Tris-HCl pH8, 10 mM EDTA, 0.2 mg/ml RnaseA]. 200 µl 
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of lysis buffer [200 mM NaOH, 1% sodium dodecyl sulphate (SDS)] was added to the re-

suspended cells, inverted 6 times, and 150 µl of neutralization buffer [3 M potassium acetate, pH 

5.3, 1.8 M Acetic acid (AnalaR)] was quickly added. The sample was mixed by repeatedly 

inverting the tube 6 times and then centrifuged at 13,000 rpm for 10 minutes. About 400 µl 

supernatant was transferred to a new 1.5 ml centrifuge tube, and 900 µl of cold 100% ethanol 

[Fisher Scientific] was added, mixed and incubated at -20°C for 30 minutes. The precipitated 

pellet was collected by centrifuged at 13,000 rpm for 10 minutes at 4°C. The supernatant was 

removed and the DNA pellet was washed twice with 700 µl of cold 70% ethanol. The sample was 

centrifuged at 13,000 rpm for 1-2 minutes and the supernatant was aspirated. The pellet was dried 

at 37°C for 5 minute before being dissolved in 50 µl of TE buffer [10 mM Tris-HCl, 1 mM 

EDTA, pH8.0] and stored at 4°C. Some plasmids were prepared using a Qiagen® plasmid mini 

Kit according to manufacturer’s instructions. 

2.3.3 DNA quantification 

To quantify the amount of Qiagen ® plasmid mini Kit purified DNA, absorbance 

readings were taken at wavelength of 260 and 280 nm. An optical density of 1 at 260 nm 

wavelength corresponds to 50 µg/ml of double stranded DNA and the ratio between the readings 

provided an estimate of the purity of the nucleic acid in solution. Pure DNAs have an 

OD260/OD280 value of 1.8. 

The quantification of plasmid DNA isolated through alkaline lysis method was not 

possible by spectrophotomer because of the inherent impurity in the final product. Rather the 

DNA was quantified by diluting and loading on agarose gels along with a quantifiable DNA 

ladder for comparison. Agarose gels were prepared by dissolving 0.7% w/v electrophoresis grade 

agarose (Gibco BRL) in TAE buffer [40 mM Tris-HCl, pH 8.5, 40 mM acetic acid 1mM EDTA], 

microwaved for 50 seconds and allowed to cool down to about 45°C before adding ethidium 
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bromide (0.4 µg/ml). Ten times electrophoresis sample buffer (10x ESB) [50% v/v glycerol, 100 

mM EDTA and 0.01% bromophenol blue] was added to every sample. Gels were run in TAE 

buffer in a horizontal gel electrophoresis apparatus at 80 volts (V) for 1-2 hours. Gels were 

photographed under ultraviolet light illuminator (UV-Violet product [UVP] Ultraviolet Trans-

illuminator, CDS 7500 Gel Documentation system). 

2.4 DNA cloning 

Venus was used as the reporter protein. Venus protein is a mutant of enhanced yellow 

fluorescent protein (EYFP) with five mutations in EYFP, while EYFP is a product of green 

fluorescent protein (GFP) modification. Venus1 fragment covers the region of 1-158 amino acid 

residues while Venus2 fragment covers region 159 to 239 amino acid residues (Nyfeler et al., 

2005; Nagai et al., 2002). 

Four different plasmids encoding Venus fragment proteins (pcDNA3.1\zeo(+)GCN4Zip-

Venus[1], pcDNA3.1\zeo(+)GCN4Zip-Venus[2], pcDNA3.1\zeo(+)Venus[1]-GCN4Zip and 

pcDNA3.1\zeo(+)Venus[2]-GCN4Zip) were received from Dr Stephen Michnick of Department 

of Biochemistry, University of Montréal. The genes consist of GCN4 leucine zipper protein fused 

to either C- or N- terminal of two Venus fragment proteins in pCDNA 3.1\zeo(+) vector under the 

control of human cytomegalovirus promoter (CMV). The GCN4 (general control nondepressible) 

protein is a yeast activator, a member of basic region leucine zipper (bzip) transcription factors 

which enable cells to respond and adapt to environmental changes by activating or repressing 

gene expression (Pries et al., 2004; Strauss and Keller, 2008). Each leucine zipper protein was 

linked to the Venus fragments through a linker sequence that codes for 10 aa (GGGGS)2 These 

plasmids served as the source for Venus1 and Venus2 ORFs as well as the linker amino acids. 

Full-length LEF-3 was derived from pHSEHAclef3 (Chen and Carstens, 2005; Au et al., 

2009). The Venus1 fragment was derived either from pcDNA 3.1/zeo(+)GCN4Zip Venus[1] or 
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pCDNA3.1/zeo(+)Venus[1] GCN4Zip. The Venus2 fragment was derived from pcDNA 

3.1/zeo(+)GCN4Zip Venus[2] or pcDNA 3.1/zeo(+)Venus[2] GCN4 Zip. LEF-3 expression was 

driven by a Drosophila melanogaster heat shock 70 promoter (Rapp et al., 1998). The starting 

plasmids used in this study were pBSSK (-), pBSHSAclef3 and pHSEHAcp47 (received from Dr 

Lois Miller). These vectors contain ampicillin as a selectable marker. 

2.4.1 Amplification of the fusion DNAs 

Fragments of Venus1 or Venus2 were fused with the truncated, full length lef3 or p47 

ORFs using polymerase chain reaction (PCR) fusion technique as previously described (Chen and 

Carstens, 2005; Higuchi et al., 1988). Briefly, two nested primers were designed to be 

complementary and to carry two segments corresponding to flanking sequences upstream and 

downstream of the region to be fused together. Each of the primers was used in separate PCRs 

with upstream or downstream outside primers. In all PCRs, the first round was carried out in a 

total reaction volume of 20 µl comprised 10 µl PCR premix (Polymerase, buffer, dNTP, and the 

magnesium chloride), 0.5 µl of each 10 pmol primer, 15-30 ng template and deionised water. The 

products were digested with 1 µl Dpn1 (20 unit/µl) for 1 hr at 37oC to destroy the templates, 

purified using PureLinkTM PCR purification kit (invitrogen) or diluted in some cases to obtain 

working template for the second round PCR. 

The second round PCR mixture consisted of 25µl of PCR premix, 1 µl each of the 

forward and reverse primers (10 pmol/µl) and a mixture of the two previous PCR products as 

template in a total of 50µl. The PCR operating conditions consist of the initial denaturing 

temperature at 94°C for 4 minutes, followed by 30 cycles consist of a denaturing step at 94°C, 30 

seconds, annealing step at 51°C for 30 seconds and 72°C extension time based on 1 kb extension 

per minutes. The final elongation was continued for 10 minutes at 72°C, after which the samples 

were held at 4°C. The primer annealing temperature for the second round was predicted using 
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combination of both Gene construction Kit version 2.5.10 [Textco BioSoftware, West Lebanon, 

NH] and Mac Vector version 10.0.2 [Accelrys Software, San Diego, CA] software to simulate the 

reaction. The final fusion PCR products were precipitated out of the PCR mixture and 

concentrated by adding 1/10 volume of 3 M potassium acetate and 3 times volume of 100% 

ethanol and incubating at -20oC overnight. Following centrifugation at 13,000 rpm for 10 minutes 

at 4oC, the pellet was washed with 700 µl of 70% ethanol, air dried and dissolved in 20-30 µl 

dH20. Primers used in the PCR are shown in Table 1. 

Final PCR products, in appropriate digestion volume, were digested with suitable 

restriction enzymes in order to create 5’-3’ ends required for ligation into the vector. The 

digestion mixtures were prepared on ice in 1.5 ml centrifuge tubes. The mixture which contained 

an appropriate amount of restriction enzyme buffer, the DNA to be digested, the enzyme, at least 

1 unit (U) of restriction enzyme per µg of DNA, and water to make up for any different in the 

volume was incubated for 2 hours at 37oC. The digests were precipitated at -20°C overnight. The 

pellet was dissolved in a small volume of distilled water. Restriction enzymes used for DNA 

digestion in this study were obtained from New England Biolabs (NEB) or Fermentas.  

After ethanol precipitation, the linearized vectors were subjected to dephosphorylation 

reaction in which 5’ phosphate groups were removed, thereby preventing the re-circularization of 

the vector and enhances re-ligation with the inserts. The dephosphorylation reaction was carried 

out in 20-30 µl volumes consisting of alkaline phosphatase buffer (NEB buffer 3), 2 units of calf 

intestinal alkaline phosphatase (CIP) per µg of the digested DNA. This was followed by the 

incubation at 37°C for 1 hr and deactivation of the phosphatase at 68°C for 10 minutes. 
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Table 1. Primers used to prepare C- and N- Terminal LEF-3 fusion proteins 

Application 
Primer 
number Primer Sequence 

Amplification of promoter-lef3 ORF with linker flanking sequence  (upstream) C-22910 5’ CAAACCCTTCGATTATCTCTAAC 3’ 

Amplification of promoter-lef3 ORF with linker flanking sequence  C-31844 5’ AGAGCCACCGCCACC CAAAAATTTATATTCATTTTC 3’ 

Amplification of linker-Venus 2 fragment with lef3 C-terminal flanking sequences (downstream) C-31845 5’CGCTCGAGTTACTGCTTGTCGGCGGT 3’(Xho I site underlined) 

Amplification of linker-Venus 1 fragment with lef3 C-terminal flanking sequences (downstream) C-31846 5’ CGCTCGAGTTACTTGTACAGCTCGTC 3’ (XhoI site underlined) 

Amplification of linker-Venus 1 and  2 with lef3-C terminal flanking sequence (downstream) C-31958 5’ TAGAAGGCACAGTCGAGGCT 3 

Amplification of linker- Venus 1 and 2, linker –Venus 1 and 2 _BGH_PA (upstream) C-31607 5’GATGAAAATGAATATAAATTTTTGGGTGGCGGTGGCTCTGGAG 3’ 

Amplification of linker-Venus_BGH_PA(+) with Not I site (underlined) 46279018 5’ATAGCGGCCGCGCTTAATGCGCCGCTAC 3 

Amplification of linker-Venus_BGH_PA(-) with Xho I site (underlined) 46279019 5’TATCTCGAGGCTTAATGCGCCGCTAC 3' 

Amplification of promoter with Venus 1 flanking sequence (downstream) 47929915 5’ GCCCTTGCTCACCATTCTGCAACGCGCGCGAG 3’ 

Amplification of promoter with Venus 2 flanking sequence (downstream) 47929912 5’GATGCCGTTCTTCATTCTGCAACGCGCGCGAG 3 

Amplification of Venus1-linker with promoter flanking sequence (upstream) 47929914 5’ CGCGCGCGTTGCAGAATGGTGAGCAAGGGCGAGG 3’’ 

Amplification of Venus2-linker with promoter flanking sequence (upstream) 47929911 5’  CGCGCGCGTTGCAGAATGAAGAACGGCATCAAGG 3’’ 
Amplification of Venus(1 and 2 )-linker fragments with lef3 N-terminal flanking sequence(BglII site 
underlined) 47929913 5’ ACAAAGATCTTTTGGTCGCGGACCCACCACCTCCAGAGC 3'  

  Fusion PCR to delete V1/V2 LEF-3 amino acids 2-189 49700164 5’CTCATTGATGTCGTCGGACCCACCACCTCCAG 3’  

 
49700165 5 GGAGGTGGTGGGTCCGACGACATCAATGAGGTG 3’ 

  Fusion PCR to delete V1/V2 LEF-3 amino acids 1-56 50405511 5’ GTCGGACATTATTCGGGACCCACCACCTCCAG 3’ 

 
50405512 5’ GGAGGTGGTGGGTCCCGAATAATGTCCGACAAC 3’ 

Fusion PCR to delete V1/V2 LEF-3 amino acids 14-47 C-27068 5’GAGAAAGTAGCGGTATCGATAATGAATACCATTAC 3’ 

 
C-27069 5’GGTATTCATTATCGATACCGCTACTTTCTCCAGAC 3’ 
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Application 
Primer 
number Primer Sequence 

Fusion PCR to delete V1/V2 LEF-3 amino acids 14-37 C-27070 5’GAGAAAGTAGCGGTGGTAAATTGATGAGCAAAATG3’ 

 
C-27071 5’TGCTCATCAATTTACCACCGCTACTTTCTCCAGAC 3' 

 Amplification of p47 ORF with linker flanking sequence (upstream) 50310568 5’GGAGGTGGTGGGTCCTTTGTCACCCGGTTGGAG 3’ 

Amplification of p47 ORF (downstream) C-22911 5’AACAGTTCACCTCCCTTTTC3’ 

   Sequencing  C-26438 5’CCCAGTCACGACGTTGTAAAACG 3 

 
C-26439 5’AGCGGATAACAATTTCACACAGG 3’ 

 
C-31480 5’ CAACAAGTCGTTACCGAG 3’ 

 
C-31607 5’GATGAAAATGAATATAAATTTTTGGGTGGCGGTGGCTCTGGAG 3’ 

 
47929906 5’  CAATGTTCAACTCGTCGC 3’ 

 
47929908 5’  ATGTCATAGCACTTGCCTTC  3’ 

 
47929909 5’ AGTAGCCCCAAGAAGATTAGAG  3’ 
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Prior to the addition of ligase, a total of 60-100 ng of digested dephosphorylated vector 

and passenger DNA in the ratio of 3:1 (insert:vector molar ratio) was diluted in 5 µl of dH20 and 

incubated at 45°C for 5 minutes to melt any cohesive termini that might have formed. After 

placing on ice, 2 µl of 10 x ligase buffer (GIBCO BRL) and 0.4 Weiss units of T4 ligase (GIBCO 

BRL) were added to ligate in a total volume of 20 µl. The reactions were carried out for 6-8 hours 

at 22°C and then heat inactivated at 68°C for 10 minutes. As controls, reactions of digested vector 

with ligase, digested vector without ligase, and undigested vector were also performed. The 

ligation products were transformed into competent E.coli DH5α cells. The competent cells were 

prepared by inoculating 5 ml of LB medium (without antibiotic) with a single colony of E.coli 

DH5α in a 50 ml conical flask at 37°C overnight. 500 µl of this overnight culture was sub 

cultured into 50 ml LB media without antibiotic at 37 °C until an optical density at 600 nm 

(OD600nm) was 0.48-0.51. The culture was incubated on ice with shaking for 20 minutes and later 

transferred into 50 ml polycarbonate bottle for the JA-20 rotor [Beckman], and centrifuged at 

7000 rpm for 10 minutes at 4°C on a Beckman J2-21 M/E centrifuge. The supernatant was 

removed and the resulting pellet was resuspended in 5 ml 50 mM CaCl2 solution. The suspension 

was incubated on ice for 1 hour, re-centrifuged for 5 minutes and the final pellet resuspended in 2 

ml, 50 mM CaCl2. The final bacterial cell suspension was kept on ice for 24 hours prior to the 

transformation.  

For transformation, 100 µl competent cells were transferred into pre-chilled 13 ml 

polypropylene tubes (Sarstedt). 5 µl of the ligation reaction was added to the cells, incubated on 

ice for 30 minutes and then heat shocked at 42°C for 90 seconds. 900 µl of SOC (10 ml SOB, 25 

µl, 2 mg/ml MgCl2 and 200 µl glucose solution) was added and the tubes were incubated with 

gentle agitation at 37°C for 45 minutes. An aliquot of 100 µl of the competent cells alone and 50 

µl of the transformed bacterial was plated onto LB agar plates containing 50 µg/ml 
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ampicillin.respectively The plates were incubated at 37°C overnight. With pBSSK- plasmid, the 

plates also contained X-gal (40 µg/ml) to distinguished recombinant clones (white) from the 

vector (blue). 

Recombinant clones were screened by picking a single colony with a sterile toothpick, 

touching the colony end of the toothpick onto a gridded LB/amp plate to prepare master plate, 

and cultured the toothpick in 5 ml LB media with ampicilin for 16-18 hours. Plasmid DNA was 

isolated from cultured bacteria using an alkaline lysis method (Section 2.4.2). To identify clones 

with the desired DNA insert, 1 µl of each plasmid solution with 1 µl (10X) loading buffer in a 

total volume of 10 µl were loaded onto 0.7% agarose gel. After electrophoresis, the clones were 

identified by their migration pattern compared with vector DNA alone. The positive clones were 

confirmed by restriction enzyme digestion and nucleotide sequence analysis. Long term stocks 

were prepared by mixing 750 µl of the recombinant bacteria with 250 µl, 60% v/v glycerol and 

stored at -80°C.  

Besides the screening approach described above, PCR screening was also carried out to 

identify positive clones. A single colony was touched with a sterile pipette tip and inoculated onto 

a gridded LB/amp plate. The pipette tip was then agitated in the appropriate amount of water in a 

PCR tube to remove the remaining colony. To screen for clones with inserts in the correct 

orientation, PCR mixture that include a forward primer and a reverse primer (that would only 

produce a product in the presence of the correct constructs) was added. The PCR products were 

analysed on an agarose gel. The primers used for screening Venus-tagged P47 expressing 

plasmids are shown in Table 2 
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Table 2: Primer used for screening P47 expressing plasmids 

Primer Sequence Template Target 
amino acid 

Name 

5’GCGAGGTTATCAAACGAC3’ pHSEHV1AcP47 366 
rightward 

C-8683 

 pHSEHV2AcP47 290  
rightward 

 

5’GCGGATCCGGCTCAGTGTAACGATTGATTC 
3’ 

pHSEHV1AcP47 570 
leftward 

C-1187 

 pHSEHV2AcP47 495 
leftward 
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2.4.2 Sequencing 

Recombinant E. coli (DH5α) were cultured in LB broth with ampicillin overnight for 

plasmid preparation. Plasmid was prepared using plasmid extraction mini kit (Qiagen®) to obtain 

high quality plasmid, and the concentration determined by spectrophotometer. 1-2 µg of the 

purified plasmid was sent to the sequencing companies (Cortec DNA Service Laboratories, Inc 

and ACGT, Inc) with the appropriate primers for sequencing. Primer sequences and the list of 

various sequenced constructs with their target sequences are shown in Table 1 and Table 3 

respectively. 

2.1 Protein analysis 

2.1.1 Harvesting cells 

Transfected cells were chilled on ice and sloughed off using rubber police or Pasteur 

pipettes. Cells suspensions were centrifuged in a microfuge at 500x g for 10 minutes at 4°C. The 

cell pellet was washed in 1 ml of 1x PBS and then centrifuged at 500 x g for 5 minutes. The pellet 

was resuspended in 80 µl of 2x ESB buffer [sample buffer 125 mM Tris-HCl (pH6.8), 4% (w/v) 

SDS, 20% (v/v) glycerol, 0.001% (w/v) bromophenol blue (EM Science), 10% β- 

mercaptoethanol (Sigma)] to a final concentration of 2.5 x 104 cells/µl. Samples were boiled for 5 

minutes at 100°C before loading on SDS-polyacrylamide gels. The remaining unused samples 

were stored at -20°C.  

2.1.2 Polyacrylamide gel electrophoresis 

Protein samples were resolved using polyacrylamide gel electrophoresis (SDS-PAGE) 

(Carstens and Weber, 1977). Gels were prepared by first pouring the polycrylamide resolving 

gels [acrylamide:N, N’-methylene–bis-acrylamide, 30:0.8, at the desired concentration (either 

8%, 10% or 11.25%), 400 mM Tris-HCl pH 8.8, 0.1% w/v SDS, 0.0012% (w/v) ammonium- 
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Table 3: List of sequenced pBSHSAcLEF-3 V1/V2 and pBS V1/V2 AcLEF-3 plasmids and the target sequences 

Template/ primer location Primer number Target 
sequence C-26438 C-31480 C-26439 4792809 4792808 47929906 

pBSHSlef3-L-V2 (4939 bp) 588-610 2230-2247 2799-2821       588-2821 

pBSHSlef3-V1PA 588-610 1195-1212 3418-3440    588-3440 

pBSHSlef3-V2PA 588-610 1195-1212 3190-3212    588-3212 
pBSV1Aclef3 (5353 bp)   1195-1212   1845-1866 2010-2029   1195-2029 

pBSV2Aclef3 (5125 bp)   1196-1213   1618-1639 1783-1802   1196-1802 

pBSV1Aclef3 aa 2-83 (4513 bp)   1195-1212   1845-1866     1195-1866 

pBSV2Aclef3 aa 2-83 (4219 bp)   1196-1213   1618-1639     1196-1639 

pBSV1Aclef3 aa 2-125 (4639 bp)   1195-1212   1845-1866     1195-1866 

pBSV2Aclef3 aa 2-125 (4345 bp)   1196-1213   1618-1639     1196-1639 

pBSV1Aclef3 aa 2-189 (4830 bp)   1195-1212   1845-1866     1195-1866 

pBSV2Aclef3 aa 2-189 (4536 bp)   1196-1213   1618-1639     1196-1639 

pBSV1Aclef3 aa 2-56/190-385 (5020 bp)   1195-1212   1845-1866     1195-1866 

pBSV2Aclef3 aa 2-56/190-385 (4726 bp)   1196-1213   1618-1639     1196-1639 

pBSV1Aclef3 aa 2-125/190-385 (5227 bp)   1195-1212   1845-1866     1195-1866 

pBSV2Aclef3 aa 2-125/190-385 (4933 bp)   1196-1213   1618-1639     1196-1639 

pBSV1Aclef3 aa 190-385 (4855 bp)   1195-1212       2158-2175 1195-2175 

pBSV2Aclef3 aa 190-385 (4561 bp)   1195-1213       1864-1881 1195-1181 
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persulfate, 0.007% (v/v) N, N, N, N, -tetramethylthylenediamine (TEMED)] into the mini gel 

casting system (Hoefer scientific Instruments [HSI]). Once polymerised, the resolving gels were 

topped with polyacrylamide stacking gels [6.25% acrylamide: N, N’-methylene-bis-acrylamide, 

30:0.8, 125 mM Tris-HCl pH6.8, 0.1% (w/v) SDS, 0.0012% ammonium persulfate, 0.0007% 

(v/v) TEMED]. Prior to loading samples onto the gel, the wells of the gel were rinsed with 

Laemmli running buffer [25mM Tris, 192 mM glycine; 0.1% (w/v) SDS]. Samples were loaded 

with a 20 µl micropipette (Eppendorf). Gels were electrophoresed at a constant 80 volts in the 

presence of Laemmli running buffer. Broad range 2-212 KDa protein markers (NEB) were used 

as the molecular weight mobility marker. 

2.1.3 Western blotting 

Proteins separated by SDS-PAGE were electrophoretically transferred to nitrocellulose 

membrane (Amersham Life Science) by sandwiching the membrane and gel between two pieces 

of moistened Whatmann 3MM chromatography paper. The sandwich was placed in an 

electrophoresis transfer cassette (HSI), which was completely immersed in transfer buffer [25 

mM Tris-192 mM glycine, 0.1% (w/v) SDS and 20% (v/v) methanol] inside a TE22 

electrophoresis transfer apparatus (HSI) and electrophoresed at 200 milliamperes (mA) for 1.5 

hours. 

After protein transfer was completed, the membrane was rinsed with TBS-T [25 mM Tris-base, 

150 mM NaCl, 0.05% Tween-20] and stained for 2 minutes with Ponceau stain [0.2% (w/v) 3-

hydroxy-4[2-sulfophenylazo]-2, 7-naphthalene-disulfonic acid (Sigma) in 3% (w/v) trichloro 

acetic acid (Fischer Biotech)] in order to identify and mark the protein markers. The membrane 

was washed with TBS-T and placed in 10 ml of blocking solution [5% (w/v) low-fat dry milk 

powder (Carnation) in TBS-T] and rocked overnight at 4°C or 1 hour at room temperature. 



 

 33

Following blocking, the membrane was washed briefly in TBS-T. For detection of the 

protein of interest, a 10 ml solution consisting of primary antibody at the desired concentration 

diluted in TBS-T was added to the membrane and allowed to rock for 1 hour at room temperature. 

The primary antibodies used in this study were a polyclonal antibody (1:2500) directed against 

AcMNPV LEF-3 (Chen et al., 2004), a polyclonal antibody (1:1000) directed against AcMNPV 

P47, and a monoclonal antibody (1:10,000) directed against GFP. After 3 washes with TBS-T, the 

membrane was incubated with the appropriate secondary antibody, either goat anti rabbit 

antibody linked to horseradish peroxidase (1: 50,000) or goat anti mouse linked to horseradish 

peroxidase (1:50,000) (Jackson Immuno Research). The secondary antibodies were also diluted in 

10 ml of TBS-T and allowed to bind under the identical conditions as primary antibody. The 

membrane was then washed 3 times with TBS-T for 10 min intervals and developed with ECLTM 

Western Blotting Detection Reagents for 1 minute. After development, the membrane was 

exposed for autoradiography (HyperfilmTM). If a membrane was to be stripped of bound 

antibodies and reprobed, it was immersed in stripping buffer [62.5 mM Tris-HCl (pH6.8), 2% 

(w/v) SDS, 100 mM β-mercaptoethanol] for 30 minutes at 55°C with 10 min intermittent shaking. 

The membrane was subsequently washed 3 times in TBS-T, blocked overnight and reprobed. 

2.1.4 Fluorescence microscopy 

Sf21 cells seeded onto cover slips in 35mm tissue culture petri dishes (Sartedt) were 

transfected with a total of 1-2 µg of plasmid DNA and incubated at 28°C. At 22 hours after 

transfection, the cells were heat shocked at 42°C for 30 minutes. At 24 hours post transfection, 

the cells were washed twice with PBS and fixed in 1 ml 100% methanol for 10 minute at 4°C. 

Following fixation, the cells were air dried and rehydrated with 2 ml of PBS for 30 minutes. At 

24 hours post transfection, the cells were washed twice with PBS and fixed in 1 ml 100% 

methanol for 10 minute at 4°C. 
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Following fixation, the cells were air dried and rehydrated with 2 ml of PBS for 30 minutes. Cell 

nuclei were stained with 150 µl of 1:1500 Hoechst (H33342, Sigma) in PBS and incubated for 7 

minutes at room temperature. The coverslips were washed three times with 1 ml PBS, left in the 

third wash for easy pick up with the forceps. For mounting, one drop of 50% (v/v) glycerol in 

PBS was placed on microscope slide and the seeded coverslip was placed face down on the slide 

ready to be viewed under a microscope. Cells were viewed with FITC filter at 528 nm while cells 

nuclei stained with Hoechst were viewed with a DAPI filter at 457 nm. Cells were observed 

either with Nikon TE 200 microscope using 60X oil immersion objective lens [NA 0.45] or Zeiss 

Axiovert S100 inverted microscope with 100X oil immersion objective lens. Images from Nikon 

microscope were captured and automatically processed with cooled CCD camera using 

Metamorph software, while images from Zeiss inverted microscope were captured through a 

SensiCam (Cooke) camera and processed manually using Photoshop software (CS3 version). 
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Chapter 3 

Results 

3.1 Applicability of protein complementation assay 

To confirm the principle of PCA, the interaction of GCN4, a yeast transcriptional 

activator, tagged with Venus1 and Venus2 and expressed under the control of CMV promoter 

(Pries et al., 2004; Strauss and Keller, 2008) was investigated. Purified 

pcDNA3.1\zeo(+)GCN4Zip-Venus[1] plasmid was cotransfected with 

pcDNA3.1\zeo(+)GCN4Zip-Venus[2] while pcDNA3.1\zeo(+)Venus[1]-GCN4Zip plasmid was 

cotransfected with pcDNA3.1\zeo(+)Venus[2]-GCN4Zip into Vero and Sf21 cells. The cells were 

processed 24 hours after transfection, and observed by fluorescence microscopy. Transfection of 

Vero cells with either pcDNA3.1\zeo(+)GCN4Zip-Venus[1] (Zip-V1) or 

pcDNA3.1\zeo(+)Venus[2]-GCN4Zip (V2-Zip) did not produce fluorescent signal (Figure 4, A & 

D), while Vero cells co-transfected with both plasmids produced fluorescent signals (Figure 4, G 

& J). No fluorescence was detected in Sf21 cells. GCN4 tagged with Venus fragment probably 

failed to express in the Sf21 cells due to the incompatibility of the CMV promoter with the insect 

cells (Wu et al., 2000).  

To apply PCA to the study of AcMNPV LEF-3, Venus fragments were fused to the C-

terminus and later to the N-terminus of the full-length LEF-3 through a 10 amino acid linker 

(GGGGSGGGGS). The fusion DNAs were cloned and expressed in pBluescript SK vector under 

the control of Drosophila melanogaster heat shock 70 (HSP70) promoter. The schematic 

representations of all the clones generated are shown in Figure 5, and all the primers used in this 

study are shown in Table 1. 
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Figure 4. Protein complementation assay in Vero cells 

Vero cells were singly transfected with pcDNA3.1\zeo(+)Venus[1]-GCN4Zip (V1-Zip) (1) or 
pcDNA3.1\zeo(+)GCN4Zip-Venus (Zip-V2) (2). Cells were cotransfected with Zip-V[1] and 
Zip-V1[2] (3) or V[1]-Zip and V[2]-Zip (4). At 24 hrs post transfection, cells were prepared for 
fluorescence microscopy. Cells were also stained with Hoechst 33342 to visualize the nucleus (B, 
E, H, and K). Images in panels C, F, I, L represent a merge of FITC and Hoechst signals. 
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Figure 5. Schematic representation of Venus tagged AcMNPV LEF-3 clones 

LEF-3 amino acids 2-385 is shown in green (row 1). Dashed lines represent deletions. Each 
protein fused to the Venus fragments (yellow) at the C- terminus (row 2) or N- teminus (rows 3-
12) was expressed from HSP70. Each region was fused with Venus1 (V1) or Venus2 (V2). V1/2 
represents V1 or V2. 
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3.2 Fusion of Venus fragment to LEF-3 C- terminal 

Venus1 and Venus2 fragments were fused to LEF-3 aa 2-385 C- terminus using PCR 

fusion. In the first PCR, 1.9 kbp fragment AcMNPV lef3 open reading frame (ORF) together with 

the heat shock promoter was amplified from pHSEHAclef3. In the second PCR, 282 pbs linker-

Venus2 and 560 bp linker-Venus1 were amplified from pcDNA 3.1/zeo(+)GCN4Zip-Venus[2] 

and pcDNA 3.1/zeo(+)GCN4Zip-Venus[1] respectively. The products of the first PCR were 

separately mixed together with the products of the second reactions as template for the third PCR. 

The primers and the deatails of the cloning were shown in Table 1 and Figure 6 respectively. The 

recombinant pBSHSAclef3-L-V2 plasmids were confirmed through XbaI enzymatic digestion. As 

shown in Figure 7, 4.9 kbp linearised pBSHSAclef3-L-V2 plasmid (lanes 2 & 3) was produced 

compared to 2.9 Kbp linearized pBluescript SK vector (Figure 7, lane 4). While the third PCR 

generated the expected lef-3-linker-Venus2 fusion DNA, lef3-linker-Venus1 fusion DNA was not 

produced. The product of the third PCR reaction comprised a mixture of lef3 and Venus1 as 

template was 560 bp as opposed to the expected 2.4 kb fusion product. Investigations revealed 

that the reverse primer (C-31845) alone was capable of generating an amplicon of the same size 

as the V1 fragment. 

3.2.1 Analysis of LEF3-V2 using immunoblotting 

To determine the expression of LEF-3-Venus2 fusion protein, western analysis of the 

whole cell lysates of Sf21 cells transfected with putative pBSHSAclef-3-L-Venus2 plasmids was 

performed. pHSEHAclef3 transfected Sf21 cell lysates were included as positive control The 

expected result for pHSEHAcLEF-3 and pBSHSAcLEF-3-Venus2 fusion proteins were 47 KDa 

and 58 KDa respectively.  
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Figure 6. Cloning strategy for C- terminal Venus fusion construct 

A 1.9 kbp fragment containing the AcMNPV lef3 open reading frame (ORF) together with the 
heat shock promoter was amplified from pHSEHAclef3 with primers C-22910 and C-31844. The 
primer C-31844 included 15 additional nucleotides at the 5’ end homologous to the linker of 
Venus2 fragment to facilitate fusion of the two PCR products in the later reaction. The linker-
Venus2 region (282 bps) was amplified with C-31607 and C-31846 using pcDNA 
3.1/zeo(+)GCN4Zip-Venus[2] as template. Primer C-31607 also included 15 nucleotides at the 5’ 
ends homologous to the AcMNPV lef3), while C-31846 carried an XhoI restriction site. The 
product of the first PCR reaction was mixed with the second PCR products and the mixture was 
used as the template for the third PCR reaction. Using primer C-22910 and C-31846, the third 
PCR reaction resulted in the generation of a 2.1 kbp fragment containing lef3 and linker- Venus2. 
The lef3-linker Venus[2] fusion PCR product was digested with XbaI/XhoI and ligated into 
XbaI/XhoI digested pBluescript SK- vector to generate pBSHSAclef3-L-V2 (4.9 Kb). Primer 
sequences are shown in Table 1. 
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Figure 7. Endonuclease restriction digestion of the putative pBSHSAclef3-L-V2 clones 

pBSHSAclef3-L-V2 B1(lane 2), pBSHSAclef3 –L-V2 B2 (lane 3) or pBSSK- (lane 4) were 
digested with XbaI and resolved by agarose gel electrophoresis. Lanes 2-3 showed 4.9 Kb XbaI 
linearized putative pBSHSAclef3-L-V2 plasmids, and lane 4 showed 2.9 Kb XbaI linearized 
pBSSK- vector. B1 or B2 indicated the location of the clones on the master plate. DNA ladder 
sizes in kilobase pair are indicated to the left. 
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pHSEHAclef3 plasmid transfected cells produced 42.7 KDa protein (Figure 8, lane 1), but no 

LEF-3 signal was observed from the fusion protein sample (Figure 8, lanes 2-3). The plasmid 

DNAs were purified and sequenced. The result confirmed the expected sequence of lef3 fused 

with venus2. However, altered nucleotides were detected within the heat shock promoter 

sequences as shown in Figure 9. There was a deletion of a cytosine in position 25 and an addition 

of thymine in position 42. Also, guanine, thymine, cytosine and thymine in positions 37, 38, 53 

and 144 were substituted with cytosine, guanine, cytosine and thymine respectively.The effect of 

the altered sequences on the expression of the fusion protein was later investigated. 

3.2.2 Construction of AcMNPV LEF3-V1 fusion protein 

The failure to generate pBSHSAclef3-L-V1, due to a primer (C-31845) malfunction, led 

to the design of a new primer (C-31958) to replace both C-31845 and C-31846. With this new 

primer, the process described in Figure 6 was repeated. The final amplicon was digested with 

XbaI (Figure 10), ligated into XbaI linearized pBluescript vector and transformed into DH5 alpha 

competent E-coli cells. Clones were selected and confirmed by restriction digestion. To test for 

LEF-3 expression, western blotting assay was performed. The expected result for LEF-3-Venus1 

fusion proteins was 65 KDa. However, no LEF-3 was detected.  

This persistent unexpected result led to the comparison of one of the positive controls 

(pBSHSAclef3) with the generated clones The differences observed between the two clones were: 

1) the lef3 in pBSHSAclef3 construct was obtained from enzymatic restriction digestion of 

pHSEHAclef3 while the lef3 in pBSHSAclef3-V1 and pBSAclef3-V2 constructs was obtained 

through PCR reactions using pHSEHAclef3 as the template and 2) lef3 in the positive control 

(Figure 11-1) had about 150 non-coding sequences (A) after lef3 ORF stop codon (between the 

stop codon and the only NotI restriction site), but the lef3-Venus fusion DNA (Figure 11-2) did 

not have these sequences.  
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Figure 8. LEF-3 expression in Sf21 cells transfected with AcLEF-3-L-V2 fusion protein 

Sf21 cells were transfected with plasmids pHSEHAclef3 (lane 1) and pBSSK- (lane 2) 
pBSHSAclef3-V2 B1 (lane 3) or pBSHSAclef3-V2 B2 (lane 4). At 24 hrs post transfection and 
post heat shock, cells were harvested. Whole cell lysates were analysed with SDS-PAGE, and 
blotted. Blots were probed with a polyclonal rabbit anti-LEF-3 antibody (1:2500) and a goat anti 
rabbit HRP secondary antibody (1:50,000).Blots showed pHSEHAcLEF-3 (~42.7 KDa). B1 or 
B2 indicated the location of the clones on the master plate. Protein mass standards in kilodaltons 
are indicated to the left. 
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Figure 9. Alignment of pBSHSAclef3 and pBSHSAclef3-L-V2 promoter sequences 

The sequences of the promoter sequence within the XbaI restriction site and the TATA Box of the 
referenced (ref) pBSHSAclef3 promoter and the sequenced (seq) pBSHSAclef3-L-V2 fusion 
plasmid promoter were compared using cluster alignment prepared by Mac Vector. The numbers 
above the sequence represent the position of each nucleotide relative to XbaI site (far left). The 
locations of the mis-matched nucleotides are marked with symbol (▼).
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Figure 10. Gel analysis of XbaI restriction digestion of lef3-linker-Venus1 and lef3-linker-
Venus2 PCR products 
Lef3-L-V1 and lef3-L-V2 fusion DNAs were digested with XbaI and resolved by agarose 
electrophoresis. Lane 2 showed 2.2 kb fused lef3-linker-Venus1 and lane 3 showed 2.0 kb lef3-
linker-Venus 2. DNA ladder sizes in kilobase pair are indicated to the left. 
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Figure 11. A comparison between pBSHSAcLEF-3 and pBSHSAcLEF-3 V1 constructs 

pBSHSAclef3 construct sequences were compared with pBSHSAclef3-L-V1 using GCK 
software. pBSHSAcLEF-3 was noticed to contain about 200 sequences which included 
polyadenylation signal sequences (AUAAA) downstream of LEF-3 ORF (image 1, A). These 
sequences were not included in the fusion protein construct (image 2) and it was not certain if 
LEF-3 expression depends on these flanking sequences. 
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These non-coding flanking sequences comprised transcriptional terminator or polyadenylation 

signal (AUAAA). Polyadenlyation is a process of adding a stretch of poly (A) tail to the mRNA 

after its cleavage 10-30 muncleotides downstream of the polyadenylation signal. The absence of 

poly (A) could result in the failure of the mRNA transportation into the cytoplasm or its 

enzymatic degradation (Guhaniyogi and Brewer, 2001). It was not clear if an inappropriate 

transcription regulation occurred because the polyadenylation signal was absent or the promoter 

malfunctioned due to the few mis-matched nucleotides indicated in Figure 9. These possibilities 

were further investigated as follows.  

3.2.2.1 Can the absence of the polyadenylation signal affect LEF-3 expression? 

To investigate if the polyadenylation sequence downstream of the lef3 ORF was required 

for LEF-3 expression, an experiment was designed to add non-coding sequences with 

polyadenylation sequences to both pBSHSAclef3-V1 and pBSHSAclef3-V2. Bovine growth 

homone polyadenylation region (BGHpA) was amplified from pcDNA 3.1/zeo(+)GCN4Zip-

Venus[1] and added to the existing clones in both orientations using a standard PCR method 

according to Figure 12 to construct pBSHSAclef3-V1PA(+) or pBSHSAclef3-V2PA(+) 

(clockwise) and pBSHSAclef3-V1PA(-) or pBSHSAclef3-V2PA(-) (anticlockwise). The modified 

clones were tested for LEF-3 expression by transfecting Sf21 cells separately with the plasmids. 

The result of western blot analysis revealed no expression of LEF-3 from the new clones (Figure 

13). It was concluded that something other than the poly adenylation sequences were responsible 

for the lack of LEF-3 fusion protein expression. 
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 Figure 12. Cloning strategy for adding polyadenylation signal sequence to pBSHSAcLEF-
3-V1  

The linker Venus 1-BGH_PA segment (0.87kbps) that included the 0.3kbp polyadenylation 
signal terminator sequence (BGH_PA) was amplified from the pcDNA 3.1/zeo(+)GCN4Zip-
Venus[1] by PCR. Two primers C-31607 and 46279018 with Not I restriction site were used for 
the clockwise clone, and C-31607 and C-46279019 with a XhoI restriction site were used for the 
anticlockwise clone. The linker Venus 1_PA PCR products were sequentially digested with 
NotI/BspEI (clockwise) and XhoI/BspEI (anticlockwise) and sub-cloned into NotI/ BspEI 
digested pBSHSAclef3-V1 (+) or XhoI/BspEI digested pBSHSAclef3-V1 (-). 
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Figure 13. Sf21 cells transfected with poly (A) modified pBSHSAcLEF-3 L-V1 and 
pBSHSAcLEF-3 L-V2 fusion proteins 

Sf21 cells transfected with pHSEHAclef3 (lane 1), pBSSK (lane 2), pBSHSAclef3-V1PA (+) 
(lane 3), pBSHSAclef3-V1PA (-) (lane 4), and pBSHSAclef3-V2PA (+) (lane 5), pBSHSAclef3-
V2PA (-) (lane 6) or pBSHSAclef3 (lane 7). Cells were harvested at 24 hrs post transfection and 
analyzed by SDS-PAGE. Immunoblots were probed with a polyclonal rabbit anti-LEF-3 antibody 
(1:2500) and a goat anti rabbit HRP secondary antibody (1:50,000). pHSEHAclef3 and 
pBSHSAclef3) (~42.7KDa). Protein mass standards in kilodaltons are indicated to the left. 
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3.2.2.2 Can a few mis-matched nucleotides in the promoter sequences affect LEF-3 

expression? 

To investigate the impact of the few mis-matched nucleotides in the promoter sequences, 

described in Figure 9 (Section 3.2.1), on the expression of LEF-3, the positive control 

(pBSHSAclef3) was used as the source of the promoter and the lef3 gene sequences, while linker-

Venus-polyadenylation sequences were obtained from the polyadenylated modified clones as 

described in Figure 14. The recombinant plasmids were used for transfecting Sf21 cells, followed 

by western blotting analysis. In addition, both plasmids were co-transfected together into Sf21 

cells to see if functional reporter protein could be detected by fluorescence microscopy. The 

result given in Figure 15 showed no expression of protein from any of the modified clones, 

neither the cotransfected plasmids produced a fluorescent signal. Further attempt were made to 

rule out the possibility of using insufficient DNA for transfection. Sf21 cells were transfected 

with 1, 2, and 4 µg DNA and analysed by immunoblotting. There was no LEF-3 expression. 

3.3 Fusion of Venus fragments to LEF-3 N-terminus 

Since fusion at the C-terminus was unsuccessful, Venus1 and Venus2 fragments were 

fused to LEF-3 N-terminus using PCR fusion. In the first PCR, the 0.646 Kbp Drosophila heat 

shock promoter was amplified from pHSEHAclef3 while in the second PCR, the 0.5Kbps 

Venus[1]-linker and 0.3Kbps Venus[2]-linker fragments were amplified from pcDNA 

3.1\zeo(+)Venus[1]GCN4Zip or pcDNA 3.1\zeo(+)Venus[2]GCN4Zip respectively. The first 

PCR product was separately mixed with each of the second products and used as a template to 

generate the third PCR products. The detail of the cloning strategy is illustrated in Figure 16. 
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Figure 14. Cloning strategy for adding poly (A) to pBSHSAcLEF-3-V1  
LEF-3 aa 357-385 and the poly (A) sequence was digested from pBSHSAcLEF-3-V1PA (+) with 
SnaB1 and NotI, purified and ligated into SnaB1/NotI digested pBSHSAclef3 vector to produce 
pBSHSAclef3-V1PA clone. Similarly, LEF-3 aa 357-385 and the poly (A) sequence was digested 
from pBSHSAcLEF-3-V2PA (+) and ligated into SnaB1/NotI linearized pBSHSAclef3 to 
produce pBSHSAclef3-V2PA. 
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Figure 15. Sf21 cells transfected with pBSHSAcLEF-3-V1PA and pBSHSAcLEF3 V2PA-
fusion proteins 

Sf21 cells were transfected with pBSHSAclef3 (lane 2) pBSAclef3-V1PA (lane 3), pBSAclef3-
V2PA (lane 4), co-transfected with pBSAclef3-V1PA and pBSAclef3-V2PA (lane 5) or 
transfected with herring sperm (HS) DNA (lane 6). Whole cell lysates were analysed with SDS-
PAGE, and blotted. Blots were probed with a polyclonal rabbit anti-LEF-3 antibody (1:2500) and 
a goat anti rabbit HRP secondary antibody (1:50,000).Blots showed the positive control, 
pHSEHAcLEF-3 (~42.7 KDa). Protein mass standards in kilodaltons are indicated to the left. 
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Figure 16. Cloning strategy for the construction of LEF-3 Venus N terminal fusion 
expression plasmids  
Drosophila heat shock promoter (0.646 Kbp) was amplified from pHSEHAclef3 with the forward 
primer C-22910 and reverse primer 47929915 that included 15 additional nucleotides at the 5’ 
end homologous to Venus1 to facilitate fusion of the two PCR products in the later reaction. 
Venus[1]-linker fragment (0.54 Kbp) was amplified from pcDNA 3.1\zeo(+)Venus[1] GCN4Zip 
with a forward primer 47929914 with extension of 15 nucleotides at the 5’ end homologous to the 
promoter, and a reverse primer 47929913 with BglII restriction site. The two PCR products were 
mixed as template and amplified with the forward primer (C-22910) and the reversed primer 
(47929913) to obtain heat shock promoter-Venus 1 fusion DNA (1.11 kb product).This amplicon 
was digested with XbaI and BglII and ligated into the XbaI/BglII linearized pBSHSAclef3 to 
create pBSV1Aclef3 clone. Primer sequences are shown in Table 1. 
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3.3.1 Immunoblotting and microscopic analyses of LEF-3 N-terminal tagged fusion proteins 

To determine the expression of V1-LEF-3 and V2-LEF-3 fusion plasmids, pBSV1Aclef3 

and pBSV2Aclef3 plasmids were separately transfected into Sf21 cells and the whole cell lysate 

was subjected to immunoblotting analysis. pBSHSAclef3 and herring sperm cell lysates were 

included as positive and negative control respectively. The immunoblotting results of the protein 

samples after probing with antibodies directed against LEF-3 revealed expression of various LEF-

3 fusions with expected mobilities. LEF-3 expression from pBSHSAclef3 was at 42.7KDa, while 

V1-LEF-3 from pBSV1Aclef3 and V2-LEF-3 from pBSV2Aclef3 were 58KDa and 48KDa 

respectively (Figure 17). V1-LEF-3 proteins consistently showed a stronger band than V2-LEF-3 

proteins.  

3.3.2 Sequencing analysis of LEF-3 N-terminal tagged fusion proteins 

Sequencing analysis revealed a change in the last nucleotide of the V1 from guanine to 

adenine in pBSV1-LEF-3 (Figure 18 A). However, this change did not affect V1 amino acid 

composition (Figure 18 B). In the pBSV2-LEF-3 plasmid, two out of the last three Venus2 

nucleotides were changed; adenine was changed to cytosine, and guanine to adenine respectively 

(Figure 19 A). The changes led to the the conversion of the last Venus2 amino acid from lysine to 

glutamine (K82Q) (Figure 19 B). 

3.3.3 Characterizations of the N-terminal LEF-3 fusion proteins 

One of the major characteristic of LEF-3 is its ability to self-localize in the nucleus, and 

this characteristic is involved in driving P143 to the nucleus (Chen and Carstens, 2005; Au et al., 

2009). To investigate if cotransfection of V1LEF-3 and V2-LEF-3 can interact and produce a 

nuclear localized product, the experiment was set up in duplicate, one set for western analysis 

(Figure 20) and the other set for fluorescence microscopy (Figure 21). 
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Figure 17. Detection of LEF-3 in Sf21 cells transfected with N-terminal tagged AcLEF-3 
fusion expressing plasmids. 

Sf21 cells were transfected with pBSHSAclef3 (lane 1), pBSV1lef3 (lane 2), or pBSV2lef3 (lane 
3), cotransfected with pBSV1lef3 and pBSV2lef3 (lane 4), or transfected with herring sperm 
(mock) (lane 5). The cells were harvested at 24 hrs post transfection and heat shocked. Whole cell 
lysates were analysed with SDS-PAGE, and blotted. Blots were probed with a polyclonal rabbit 
anti-LEF-3 antibody (1:2500) and a goat anti rabbit HRP secondary antibody (1:50,000). 
pBSHSAcLEF-3, the positive control ( ~42.7 KDa), pBSAV1LEF3 (~58 KDa), pBSV2LEF-3 
(~48 KDa). Protein marker sizes are indicated in kilodatons to the far left. 
 



 

 59

 

 

 

Figure 18. Alignment of V1 sequences from pCDNA 3.1/zeo(+)Venus[1]-GCN4Zip and 
pBSV1LEF-3 plasmids 

(A) Comparison between the nucleotide sequences of V1 fragment from the referenced pCDNA 
3.1/zeo(+)Venus[1]-GCN4Zip plasmids (Venus[1] ref) and the sequenced pBSV1LEF-3 
sequenced plasmids (Venus[1] seq). 

(B) Comparison between the amino acids composition of V1 fragment from the referenced 
pCDNA 3.1/zeo(+)Venus[1]-GCN4Zip plasmids (Venus[1] ref) and the sequenced pBSV1LEF-3 
(Venus[1] ref). Altered sequences are indicated by the arrow and an asterisk (*) to the right hand 
of Figure 18 (A). 
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Figure 19. Alignment of V2 sequences from pCDNA3.1/zeo(+)Venus[2]-GCN4Zip and 
pBSV2LEF-3 fusion plasmids 
(A) Comparison between the nucleotide sequences of V2 fragment from the referenced 
pCDNA3.1/zeo(+)Venus[2]-GCN4Zip (Venus[2] ref)and the sequenced pBSV2LEF-3 sequenced 
plasmids (Venus[2] seq). 

(B) Comparison between the amino acids composition of V2 fragment from the referenced 
pCDNA3.1/zeo(+)Venus[2]-GCN4Zip (Venus[2] ref) and the sequenced pBSV2LEF-3 plasmid 
(Venus[2] seq). The altered nucleotides and the amino acid are indicated by the arrows and 
asterisks (*) to the right hand of Figure 19 A & B. 
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Figure 20. Intracellular localization of LEF-3 N-terminal tagged fusion proteins 

Sf21 cells were transfected with pBSHSAclef3 (lane 1), pBSV1lef3 (lane 2), pBSV2lef3 (lane 3), 
cotransfected with pBSV1lef3 and pBSV2lef3 (lane 4) or transfected with herring sperm (mock) 
(lane 5). The cells were harvested at 24 hrs post transfection and post heat shocked. Whole cell 
lysates were analysed with SDS-PAGE, and blotted. Blots were probed with a polyclonal rabbit 
anti-LEF-3 antibody (1:2500) and a goat anti rabbit HRP secondary antibody (1:50,000). 
pBSHSAcLEF-3, the positive control ( ~42.7 KDa), pBSAV1LEF3 (~58 KDa), pBSV2LEF-3 
(~48 KDa). Protein marker sizes are indicated in kilodatons to the far left. 
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Figure 21. Intracellular localization of LEF-3 fused to Venus fragments 

Sf21 cells were transfected with pBSV1 LEF-3 aa 2-385 (row 1), pBSV2 LEF-3 aa 2-385 (row 2) 
or cotransfected with pBSV1 LEF-3 aa 2-385 and pBSV2 LEF-3 aa 2-385 (row 3). At 24 hrs post 
transfection cells were prepared for fluorescence microscopy. Cells were also stained with 
Hoechst to visualize the nucleus (panels B, E, H). Single transfection with pBSV1AcLEF-3 and 
pBSV2AcLEF-3 produced no signal (Panels A, B). Coexpression of pBSV1AcLEF-3 and 
pBSV2AcLEF-3 produced a complete nuclear fluorescent signal (G-I). Panels C, F & I are 
merged images of FITC and Hoechest signals  
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The results showed that transfection of Sf21 cells with the plasmid expressing either V1-LEF-3 or 

V2-LEF-3 did not give a fluorescent signal (Figure 21 A & D), while their cotransfection 

produced fluorescent signals that were completely localized in the nucleus (Figure 21 G). The 

result confirmed that each of the Venus fusion protein cannot produce florescent signal on their 

own. Since interaction between V1-LEF-3 and Venus2-LEF-3 resulted in the reconstitution of  an 

active functional reporter protein (Figure 21 G), this result showed that the conversion of the 

Venus2 last amino acid from lysine to glutamine have no impact on the ability of Venus to serve 

as a reporter protein. 

A previous study showed that Venus2 but not Venus1 fragment can be recognized by anti 

GFP antibody (Nyfeler et al., 2005). To investigate if Venus2 tagged LEF-3 fusion can be 

detected with antibodies against GFP, cell lysates of V1 and V2 tagged fusion protein expression 

plasmids were subjected to western analysis and probed with mouse anti-GFP antibody. Cells 

which expressed only Venus2-tagged full-length and V2-LEF-3 aa 190-385 were detected (Figure 

22, lanes 2-4). 

3.4 LEF-3 self-interaction domains 

To define the amino acids within LEF-3 that were involved in oligomerization, six 

different Venus2-LEF-3 expressing plasmids were constructed. pHSEHAclef3 aa 2-83, 

pHSEHAclef3 aa 2-125, pHSEHAclef3 aa 2-189, pHSEHAclef3 aa 2-56/190-385 and 

pHSEHAclef3 aa 2-125/190-385 (Chen and Carstens, 2005) were separately digested with BglII, 

NotI and XbaI. The digests were subcloned into dephosphorylated-BglII/NotI digested 

pBSV2lef3 to create pBSV2LEF-3 (aa 2-83, aa 2-125, aa 2-189, aa 2-56/190-385 and aa 2-

125/190-385). The cloning strategy for the construction of pBSV2LEF-3 aa 2-125 is illustrated in 

Figure 23 as an example. All LEF-3 constructs included the nuclear localization signal domain 

(aa 2-56) while LEF-3aa 2-125 contained P143 functional domain.
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Figure 22. Detection of LEF-3-Venus fusion proteins with anti-GFP 

Sf21 cells were transfected with pHSEHgfp (lane 1), pBSV2lef3 aa 2-385 (lane 2), pBSV2lef3 aa 
190-385 (lane 3), cotransfected with pBSV1lef3 aa 2-385 and pBSV2lef33 aa 2-385 (lane 4) or 
transfected with pBSV1lef3 aa 2-385 (lane 5). Cells were harvested at 24 hrs post transfection and 
post heat shock. Whole cell lysates were analysed with SDS-PAGE, and blotted. Blots were 
probed with a monoclonal mouse anti-GFP (1:10,000) and a goat anti mouse HRP secondary 
antibody (1:50,000). pHSEHGFP ( ~28 KDa), pBSV2-LEF-3 aa 2-385 (~48 KDa), pBSV2-LEF-
3 C (~30 KDa). Protein marker sizes are indicated in kilodatons to the far left. 
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Figure 23. Cloning strategy for the construction of a pBSV2AcLEF-3 aa 2-125 

pHSEHAclef3 aa 2-125 was digested with XbaI, BglII and NotI restriction endonucleases and the 
mixture which contained the insert (559 bp) were ligated into BglII/NotI digested and 
dephosphorylated pBSV2lef3 vector to produce pBSV2lef3 aa 2-125 clone under the control of 
Drosophila heat shock promoter. The same approach was used to generate pBSV2LEF-3 aa 2-83, 
pBSV2LEF-3 aa 2-189, pBSV2LEF-3 aa 2-56/190-385 and pBSV2LEF-3 aa 2-125/190-385 
mutants. 
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In addition, a recent study in which an AcMNPV genome was propagated as a Bacmid (a 

baculovirus genome carrying independent origins for replication in either bacteria or insect cells) 

in E. coli have shown that expression of LEF-3 aa 2-125 and LEF-3 aa 2-189 were sufficient to 

support DNA replication and late gene expression (Yu and Carstens, 2010). There was expression 

of protein from each plasmid as expected (Figure 24).  

The possible interaction between LEF-3 (aa 2-83, aa 2-125, aa 2-189 and aa 2-125/190-

385) and the full-length LEF-3 was investigated by separately cotransfecting each expresson 

truncated V2-LEF-3 plasmid and plasmids expressing with full-length VI-LEF-3 into Sf21 cells, 

followed by the fluorescence microscopy analysis. All cotransfection produced fluorescence 

(Table 4).  

The effect of swapping the Venus fragments within the two interacting proteins was investigated. 

Venus1 of the above listed lef-3 regions were constructed using the same approach described in 

Figure 23. Each truncated V1-LEF-3 (aa 2-83, LEF-3 aa 2-125, LEF-3 aa 2-189 and LEF-3 aa 2-

125/190-385) was transfected into Sf21 cells, followed by western analysis. There was an 

expression of protein corresponding to each region (Figure 25). When each of these V1-fusion 

constructs were cotransfected with the full-length V2-LEF-3 expressing plasmids and examined 

by fluorescence microscopy, fluorescence was observed with the full-length LEF-3 and the LEF-

3 aa 2-83, LEF-3 aa 2-125, LEF-3 aa 2-189 and LEF-3 aa 2-125/190-385 (Figure 26). These 

results also confirmed that each of the interacting protein partners could be tagged with either of 

the Venus fragments without affecting their interactions. 
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Figure 24. Detection of LEF-3 expression in Sf21 cells transfected with various truncated 
pBSV2AcLEF-3 venus fusion 

Sf21 cells were transfected with pBSV1lef3 (lane 1), pBSV2lef3 (lane 2), pBSV2lef3aa 2-
125/190-385 (lane 3), pBSV2lef3aa 2-56/190-385 (lane 4), pBSV2lef3 aa 2-189 (lane 5), 
pBSV2lef3aa 2-125 (lane 6) or pBSV2Aclef3-aa 2-83 (lane 7). Cells were harvested at 24 hrs post 
transfection and post heat shock. Whole cell lysates were analysed with SDS-PAGE, and blotted. 
Blots were probled with a polyclonal rabbit anti-LEF-3 antibody (1:2500) and a goat anti rabbit 
HRP secondary antibody (1:50,000). pBSV1LEF-3 aa 2-385 (~58 KDa), pBSV2LEF-3 aa 2-385 
(~48 KDa),pBSV2LEF-3 aa 2-125/190-385 (~45 KDa), V2LEF-3 aa 2-56/190-385 (~38 KDa), 
pBSV2LEF-3 aa 2-189 ( ~34 KDa), and pBSV2LEF-3 aa 2-125 (~24 KDa). Protein marker sizes 
are indicated in kilodatons to the far left. 
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Table 4: Cotransfection of V1LEF-3 aa 2-385 with various truncated V2 LEF-3  

 Result Nuclear localization 

[Nuclear (N) or Cytoplasmic (C)] 

V2 LEF3 aa 2-385 + N 

V2 LEF3 aa 2-83 + N 

V2 LEF3 aa 2-125 + N 

V2 LEF3  aa 2-189 + N 

V2 LEF3 aa 190-385 + N 

V2LEF3 aa 2-56/190-385 + N 

V2 LEF3 aa 2-125/190-385 + N 

 
 
Sf21 cells were cotransfected with a full length V1-LEF-3 expressing plasmid and a series of 
plasmids expressing truncated LEF-3 fused to Venus2. At 24 hrs post transfection, cells were 
prepared for fluorescence microscopy and cell nuclei were stained with Hoechst 33342. The 
results showed a completely nuclear localized signal from the combinations of the full-length 
LEF-3 and the various truncated LEF-3 fusion proteins. 
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Figure 25. Detection of LEF-3 expression in Sf21 cells transfected with various truncated 
pBSV1AcLEF-3 Venus fusions 
Sf21 cells were transfected with pBSV2lef3 (lane 1), pBSV1lef3 (lane 2), pBSV1lef3aa 2-
125/190-385 (lane 3), pBSV2Aclef3 aa 2-56/190-385 (lane 4), pBSV2lef3 aa 190-385 (lane 5), 
pBSV2lef3 aa2-189 (lane 6), pBSV2lef3 aa 2-125 (lane 7) or pBSV2lef3 aa 2-83 (lane-8). Whole 
cell lysates were analysed with SDS-PAGE, and blotted. The blots were probed with a polyclonal 
rabbit anti-LEF-3 antibody (1:2500) and a goat anti rabbit HRP secondary antibody (1:50,000). 
pBSV2LEF-3 aa 2-385(~48 KDa), pBSV1LEF-3 aa 2-385(~58 KDa), pBSV1LEF-3 aa 2-
125/190-385 (~56 KDa), pBSV1-LEF-3 aa 2-56/190-385 ( ~48 KDa), pBSV1LEF-3 aa 190-385 ( 
~38 KDa), pBSV1LEF-3 aa 190-385 ( ~37 KDa), and pBSV1LEF-3 aa 2-125 (~34 KDa). Protein 
marker sizes are indicated in kilodatons to the far left. 
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Figure 26. Cotransfection of plasmids expressing whole LEF-3 and various deletion mutants 

Sf21 cells were cotransfected with pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-385 (row 1), 
pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-83 (row 2), pBSV2LEF-3 aa 2-385 and 
pBSV1LEF-3 aa 2-125 (row 3), pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-189 (row 4), 
pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-56/190-385 (row 5) or with pBSV2LEF-3 aa 2-
385 and pBSV1LEF-3 aa 2-125/190-385 (row 6). At 24 hrs post transfection, cells were prepared 
for fluorescence microscopy. Cell nuclei (B, E, H, K, N, and Q) were stained with Hoechst 
33342. All combinations produced complete nuclear localized signals, pBSV2LEF-3 aa 2-385 
and pBSV1LEF-3 aa 2-385 (A-D), pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-83 (D-E), 
pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-125 (F-H), pBSV2LEF-3 aa 2-385 and 
pBSV1LEF-3 aa 2-189 (I-K), pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-56/190-385 (M-O), 
and pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 2-125/190-385 (P-R). Images in panels C, F, I, 
L, O, and R represent a merge of FITC and Hoechest signals. 
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3.4.1 Are C-terminal amino acid residues involved in LEF-3 oligomerization? 

To investigate if the C- region of LEF-3 participates in LEF-3 interaction, both V1 and 

V2 LEF-3 deleted N-terminal amino acids (LEF-3 aa 190-385) were constructed using the same 

cloning strategy described in Figure 16 and the corresponding primers in Table 1. LEF-3 aa 190-

385 fused with either Venus region was co-expressed with the full-length LEF-3 tagged with the 

other Venus region in transfected cells and examined for complementation. The results showed a 

complete nuclear localized fluorescent signal for both combinations, indicating an interaction 

between the LEF-3 aa 190-385 and the full-length LEF-3 (Figure 27, A & D). This confirmed the 

involvement of the C- region in LEF-3 oligomerization. 

3.4.2 Are nuclear proteins or DNA involved in LEF-3 self-interaction? 

The possibility of DNA or nuclear proteins, serving as a bridge between the two 

interacting protein partners, and making the partners so close for the two Venus fragments to 

form a reconstituted functional reporter protein was investigated. pBSV1LEF-3 aa 190-385 and 

pBSV2LEF-3 (C- terminal) were cotransfected together in Sf21 cells and prepared for 

fluorescence microscopy. Since LEF-3 aa 190-385 lacks the nuclear localization signal, the 

product of such interaction, if any, was expected to localize in the cytoplasm. The result showed 

that the fluorescence was cytoplasmic (Figure 28, A & D). To confirm this result, clones 

expressing V1-LEF-3 del aa 1-56 and another three LEF-3 NLS-deleted mutants (V2-LEF-3 del 

14-37, V1-LEF-3del 14-37, and V1-LEF-3 del14-47), were constructed as illustrated in Figure 

16. The plasmids were cotransfected into Sf21 cells and observed by fluorescence microscopy. 

All combinations between the LEF-3 NLS minus regions were localized in the cytoplasm (Figure 

29, D, G & J). These results suggested that nuclear proteins or DNA was not essential for LEF-3 

oligomerization, and that PCA can detect protein-protein interaction in the cytoplasm.
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Figure 27. Interaction between whole LEF-3 and amino acid 190-385 

Sf21 cells were cotransfected with pBSV1LEF-3 aa 2-385 and pBSV2LEF-3 aa 190-385 (row 1) 
or with pBSV2LEF-3 aa 2-385 and pBSV1LEF-3 aa 190-385 (row 2). At 24 hrs post transfection, 
cells were prepared for fluorescence microscopy. Cell nuclei were stained with Hoechst 33342 
(B, C). pBSV1LEF-3 aa 2-385 and pBSV2LEF-3 aa 190-385 and LEF -3 aa 2-385 and 
pBSV1LEF-3 aa 190-385 produced completely nuclear localized signals (A-C, D-F) of equal 
intensities. Images in panels C and F represent a merge of FITC and Hoechst signals. 
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Figure 28. Effect of nuclear proteins or DNA on LEF-3 self-association  

Sf21 cells were cotransfected with pBSV1LEF-3 aa 190-385 and pBSV2LEF-3 aa 190-385 (row 
1) or with pBSV2LEF-3 aa 190-385 and pBSV1LEF-3 aa 190-385 (row 2) plasmids. At 24 hrs 
post transfection, cells were prepared for fluorescence microscopy. Cells were stained with 
Hoechst 33342 to highlight the nuclei (panels B, E). The combination of pBSV1LEF-3 aa 190-
385 and pBSV2LEF-3 aa 190-385 showed completely cytoplasmic localized LEF-3 fusion 
protein signals (panels A & D). Images in panels C and F represent a merge of FITC and Hoechst 
signals. 
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Figure 29. Effect of nuclear proteins or DNA on LEF-3 self-association  

Sf21 cells were cotransfected with two plasmids expressing different amino acids within the 
nuclear localization signal (aa 2-56) region fused to Venus1 or Venus 2 as follow: pBSV1 LEF-3 
aa 2-385 cotransfected with pBSV2LEF-3 aa 2-385 (row 1), pBSV1LEF-3 deleted aa 1-56 and 
pBSV2LEF-3 deleted aa 14-47 (row 2), pBSV1LEF-3 deleted aa 14-47 and pBSV2LEF-3 deleted 
aa 14-37 (row 3) or pBSV1LEF-3 deleted aa 14-37 combined with pBSV2LEF-3 deleted aa 14-
37 (row 4). The deleted (Δ) amino acids in LEF-3 are indicated to the left. At 24 hrs post 
transfection cells expressing each combined protein were prepared for fluorescence microscopy 
and cells were stained with Hoechst 33342 to highlight the nuclei (panels B, E, H & K). pBSV1 
LEF-3 aa 2-385 cotransfected with pBSV2LEF-3 aa 2-385  showed a complete nuclear signal (A-
C), pBSV1LEF-3 deleted aa 1-56 and pBSV2LEF-3 deleted aa 14-47, pBSV1LEF-3 deleted aa 
14-47 and pBSV2LEF-3 deleted aa 14-37, and pBSV1LEF-3 deleted aa 14-37 combined with 
pBSV2LEF-3 deleted aa 14-37 produced signals that were completely cytoplasmic (D, G, and J). 
Images in panels C, F, I & L represent a combination of the FITC and Hoechst signals. 
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During DNA replication, it was not clear if LEF-3 oligomerization occurred first in the cytoplasm 

before the product moved into the nucleus or each LEF-3 monomers migrated into the nucleus 

before they form oligomer. However, no cytoplasmic fluorescence was ever observed with the 

full-length LEF-3 constructs. 

3.4.3 Is oligomerization domain essential for viral DNA replication? 

Recent research indicated that the expression of the LEF-3 aa 2-125 was sufficient to 

stimulate viral DNA replication and late gene expression, while the expression of the LEF-3 aa 2-

189 stimulated a lower level of DNA replication. However, the expression of the LEF-3 aa 2-83 

and LEF-3 aa 190-385 did not stimulate DNA replication (Yu and Carstens, 2010) . 

To investigate if oligomerization domain was essential for viral DNA replication, self-interaction 

of each of these truncated regions was investigated. V1 and the V2 fusion proteins of each of 

LEF-3-aa 2-83, LEF-3 aa 2-125, LEF-3 aa 2-189 and LEF-3-aa 190-385, were cotransfected in 

Sf21 cells. If the oligomerization domain was required for viral DNA replication, the aa 2-125 

and 2-189 regions would be expected to complement. The results showed that LEF-3 aa 2-125 

and aa 2-189 produced nuclear localized fluorescence signals (Figure 30 D), while LEF-3 aa 190 

to 385 signal was cytoplasmic (Figure 30 D). LEF-3 aa 2-83 did not produce fluorescence (Figure 

30 D). 

3.4.4 How does LEF-3 monomer assemble to form oligomer? 

Most known DNA binding proteins like Herpes simplex-type 1 virus origin binding 

protein (UL9) form oligomers through interaction of the amino acids located within their N- and 

C- terminal, a situation called head-to-tail (Chattopadhyay and Weller, 2007). The others like 

mitochondria SSB form oligomers through interaction of two N-terminals, an arrangement that is 

called head-to-head interaction (Yang et al., 1997). It is unknown how LEF-3 monomers are  
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Figure 30. Self-interaction of identical truncated LEF-3 fusion proteins 

Sf21 cells were cotransfected with two plasmids expressing full-length or truncated LEF-3. Row 
1 consists of pBSV1LEF-3 aa 2-385 cotransfected with pBSV2LEF-3 aa 2-385. Row 2 represents 
pBSV1LEF-3 aa 2-83 cotransfected with pBSV2LEF-3 aa 2-83. Row 3 consists of pBSV1LEF-3 
aa 2-125 cotransfected with pBSV2 LEF-3 aa 2-125. Row 4 represents pBSV1 LEF-3 aa 2-189 
cotransfected with pBSV2LEF-3 aa 2-189 and row 5 represents pBSV1LEF-3 aa 190-385 
cotransfected with pBSV2LEF-3 aa 190-385. At 24 hrs post transfection cells expressing each 
combined protein were prepared for fluorescence microscopy and cells were stained with Hoechst 
to highlight the nuclei (panels B, E, H, K & N). LEF -3 aa 2-385 cotransfected with pBSV2LEF-3 
aa 2-385 (A-C), pBSV1LEF-3 aa 2-125 cotransfected with pBSV2LEF-3 aa 2-125 (G-I) and 
pBSV1LEF-3 aa 2-189 cotransfected with pBSV2 LEF-3 aa 2-189 (J-L) showed fluorescence 
signals that were localized in the nucleus. PBSV1 LEF-3 aa 190-385 cotransfected with 
pBSV2LEF-3 aa 190-385 produced cytoplasmic fluorescence signal (M-O) and pBSV1LEF-3 aa 
2-83 cotransfected with pBSV2LEF-3 aa 2-83 did not produce signal (D). Images in panels C, F, 
I, L and O) represent a combination of FITC and Hoechst signals. 
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arranged to form oligomers. The results in section 3.4.3 demonstrated that self interaction of the 

regions within the two N-terminals, which are LEF-3 aa 2-125 and aa 2-189, and the C-region 

(LEF-3 aa 190-385) were possible. These results suggested a head-to-head or tail-to-tail 

interaction behavior could exist within LEF-3 conformation. 

To investigate if a head-to -tail arrangement is also involved in LEF-3 oligomerization, 

amino acids within the N-region were cotransfected with the C-region. Plasmids expressing LEF-

3 aa 2-83, aa 2-125 and aa 2-189 were separately cotransfected with plasmids exprsssing LEF-3 

aa 190-385. Each combination produced nuclear localized fluorescence signals (Figure 31 A, D & 

G), suggesting the involvement of the head-to-tail arrangement.It is possible that LEF-3 exists as 

a complex homo-oligomer. 

3.5 Does LEF-3 interact with P47? 

It is possible that LEF-3 transport other viral protein to the nucleus. Previous results have 

shown that on its own, P47, a sub unit of baculovirus RNA polymerase, localizes to the 

cytoplasm. Possible interaction between LEF-3 and P47 was investigated. 

A p47 ORF separately fused with Venus1 and Venus2 fragments was generated, and cloned into 

pBluescript SK to create pBSV1AcP47 and pBSV2AcP47 plasmids. Sf21 cells were singly 

transfected with the pBSV1AcP47 and pBSV2AcP47 positive plasmids. The cell lysates were 

subjected to western analysis. The result showed no expression of P47 fusion protein (Figure 34, 

lanes 2-4). V1-P47 and V2-P47 fragments were digested from pBSV1AcP47 and pBSV2AcP47 

plasmids with XbaI and subcloned into XbaI linearized pHSEHAcp47 vector to create 

pHSEHV1AcP47 and pHSEHV2AcP47 (Figure 33). Clones were screened using PCR to identify 

positive constructs. Each of pHSEHV1AcP47 and pHSEHV2AcP47 putative expressing plasmid 

was transfected into Sf21 cells and the cell lystates were analysed by immunoblotting assay.  
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Figure 31. Interaction between LEF-3 N- and C- terminal truncated fusion proteins 

Sf21 cells were cotransfected with plasmids expressing amino acids within LEF-3 N-ternimal 
region and the C-terminal amino acid residues. Row 1 consists of pBSV1LEF-3 aa 190-385 
cotransfected with pBSV2LEF-3 aa 2-83. Row 2 represents pBSV1LEF-3 aa 2-189 cotransfected 
with pBSV2LEF-3 aa 190-385 and row 3 consists of pBSV1LEF-3 aa 2-125 cotransfected with 
pBSV2 LEF-3 aa 190-385. At 24 hrs post transfection cells expressing each combined protein 
were prepared for fluorescence microscopy and cells were stained with Hoechst to highlight the 
nuclei (panels B, E & H). PBSV1LEF-3 aa 190-385 cotransfected with pBSV2LEF-3 aa 2-83. 
(A-C), pBSV1LEF-3 aa 2-125 cotransfected with pBSV2LEF-3 aa 190-385 (D-F) and 
pBSV1LEF-3 aa 2-189 cotransfected with pBSV2 LEF-3 aa 190-385 (G-I) produced fluorescence 
signals that were completely nuclear localized. Images in panels C, F & I represent a merge of 
FITC and Hoechst signals. 
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Figure 32. Detection of P47 expression in Sf21cells transfected with pBSV1AcP47 or 
pBSV2AcP47 plasmids 

Sf21 cells were transfected with pHSEHAcp47 (lane 1), pBSV1AcP47 (lane 2), pBSV2AcP47 
(lane 3), cotransfected with pBSV1AcP47 and pBSV2AcP47 (lane 4) or transfected with herring 
sperm (lane 5). Whole cell lysates were analysed with SDS-PAGE and blotted. The blots were 
probed with a polyclonal mouse anti AcP47antibody (1:1,000) and a goat anti mouse HRP 
secondary antibody (1:50,000). Blots showed pHSEHAcP47, the positive control (~44 KDa). 
Protein marker sizes are indicated in kilodatons to the far left. 
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Figure 33. Cloning strategy for the construction of a pHSEHV1P47 fusion protein  

The products of the first cloning step (pBSV1p47) were digested with XbaI/sacI, and the inserts 
were ligated into the XbaI digested and dephosphorylated pHSEHAcP47 vector to produce 
pHSEHV1Acp47 clone. The inserts were positioned in both the clockwise and anticlockwise 
directions. The same strategy was carried out to generate the Venus 2 tagged P47 fusion protein. 
PCR screening of the recombinant clones with the insert in the right orientation (clockwise) was 
carried out using a forward primer C-8683 and a reverse primer C-1187 to amplify region 1774-
2396 of pHSEHV1AcP47 and region 1564-2168 of pHSEHV2AcP47. Correct oriented-positive 
clones produced an expected band of 623bp, while those with insert in the opposite direction 
produced none. 
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Western analysis of the putative P47 fusion protein showed a strong expression of 

pHSEHV2Acp47 (Figure 34, lane 3). The mobility of the band in Figure 34, lane 2 did not match 

the expected size of pHSEHV1AcP47 (~ 58 KDa). 

Protein-protein interaction between full-length LEF-3 and P47 was investigated by 

cotransfecting V1-LEF-3 with V2-P47 expressing plasmids in Sf21 cells, followed by 

fluorescence microscopy analysis. The results showed a weak nuclear signal (Figure 35 D), 

indicating a weak interaction. V1-LEF-3 aa 2-189 and V1-LEF-3-aa 190-385 were separately co-

expressed with the V2-P47 in Sf21 cells. The results showed a very weak nuclear fluorescent 

signal between LEF3 N terminal and P47 (Figure 35 G) but no fluorescent signal with the 

combination of the Venus fused LEF-3 aa 190-385 and the P47 (Figure 35 J), suggesting that P47 

can interact very weakly with the LEF-3 aa 2-189 but not with the LEF-3 aa 190-385. 
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Figure 34. Detection of P47 expression in Sf21cells transfected with putative 
pHSEHV1AcP47 or pHSEHV2AcP47 expressing plasmids 

Sf21 cells were transfected with pHSEHAcP47 (lane 1), putative pHSEHV1AcP47 (lane 2) or 
pHSEHV2AcP47 (lane 3). Whole cell lysates were analysed with SDS-PAGE and blotted. The 
blots were probed with a polyclonal mouse anti AcP47antibody (1:1,000) and a goat anti mouse 
HRP secondary antibody (1:50,000). Blots showed lane (1) pHSEHAcP47 (~44 KDa), lane (2) a 
non- specific P47 product (~38 KDa) and lane (3) pHSEHV2AcP47 (~ 48 KDa). Protein marker 
sizes are indicated in kilodatons to the far left. 
. 
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Figure 35. Association of P47 with LEF-3 

Sf21 cells were cotransfected with pBSV1LEF-3 aa 2-385 and pBSV2LEF-3 aa 2-385 (row 1), 
pBSV1LEF-3 aa 2-385 and pHSEHV2AcP47 (row 2), pBSV1LEF-3 aa 2-189 and 
pHSEHV2AcP47 (row 3) or pBSV1LEF-3 aa 190-385and pHSEHV2AcP47 (row 4). At 24 hrs 
post transfection, cells were prepared for fluorescence microscopy and cell nuclei (B, E, H, K) 
were stained with Hoechst to highlight them. PBSV1LEF-3 aa 2-385 and pBSV2LEF-3 aa 2-
385(A-C), pBSV1LEF-3 aa 2-385 and pHSEHV2AcP47 (D-F) and pBSV1LEF-3 aa 2-189 and 
pHSEHV2AcP47 (G-I) produced nuclear localized ffluorescence signals of different intensities. 
Cotransfection of pBSV1LEF-3 aa 190-385 and pHSEHV2AcP47 produced no signal. Images in 
panels C, F, I & L represent a merge of FITC and Hoechst signals. 
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Chapter 4 

Discussion 

Late expression factor 3 (LEF-3) is essential for viral DNA replication. It is a single 

stranded DNA binding protein and required for late gene expression (Hang et al., 1995; Rapp et 

al., 1998). It is also responsible for transporting P143 to the nucleus. Like other SSB proteins, it 

has been predicted that LEF-3 helps in preventing the single-stranded DNA from folding back to 

double stranded DNA during the course of replication and in protecting the single-stranded 

regions from hydrolysis by nuclease (Wu and Carstens, 1998; Chen and Carstens, 2005; 

Mikhailov et al., 2006; Mikhailov et al., 2004). To understand these functions better, several 

regions of LEF-3 that interact with other known replication proteins have been investigated. 

These domains include the nuclear localization domain, the P143 interaction site, predicted 

ssDNA binding domains, self-interaction/oligomerization domain, and alkaline nuclease binding 

domain (Chen and Carstens, 2005; Mikhailov et al., 2006; Evans et al., 1999; Au et al., 2009; 

Evans and Rohrmann, 1997; Mikhailov et al., 2003). 

LEF-3 aa 2-56 contained the NLS domain with aa 26-32 being the core elements (Chen 

and Carstens, 2005; Au et al., 2009), LEF-3 aa 2-125 contained the P143 interaction site (1-125) 

(Wu and Carstens, 1998; Chen and Carstens, 2005; Au et al., 2009), while aa 39-104 and aa 183-

256 are the two predicted ssDNA binding domains (Mikhailov et al., 2006). Currently, the only 

report on LEF-3 self-interaction indicated the entire length (aa 2-385) of LEF-3 is required 

(Evans and Rohrmann, 1997), while LEF-3 aa 1-311 region remains the only published alkaline 

nuclease binding site (Mikhailov et al., 2003). Despite the absence of a sequence homology 

among the SSBs, it has been established that the members of this family undergo oligomerization 

through their OB folds, which consist of 70-150 amino acid residues, to form the required 
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structure for DNA binding. The entire LEF-3 region was considered larger than a single domain. 

Therefore, the focus of this research work was to narrow down the region containing the LEF-3 

self-interaction domain. 

4.1 C-terminal LEF-3 fusion proteins  

The attempts to detect expression of LEF-3 from the C-terminal-Venus tagged LEF-3 

fusion constructs using polyclonal antibodies against AcMNPVLEF-3 were unsuccessful (Figure 

8, Figure 13 & Figure 15). So, only N- terminal fusions were examined.  

4.2 N-terminal LEF-3 fusion proteins 

The fusion of the Venus fragments to the N-terminus of LEF-3 in pBSHSAclef3 resulted 

in expression of fusion proteins (Figure 17). The proteins were successfully characterized with 

respect to the self-nuclear nuclear localization of LEF-3 (Figure 21 G), the inability of individual 

fusion proteins to produce fluorescent signal (Figure 21 A & D), detection of the Venus2 

fragment using antibodies against GFP (Figure 22), and the ability of LEF-3 to transport other 

proteins to the nucleus (Figure 35 D & G). These properties of the Venus tagged LEF-3 fusion 

proteins indicated the suitability of this protocol for the current study. 

4.3 LEF-3 self-interaction domain  

In an attempt to map a LEF-3 oligomerization domain, six different plasmids expressing 

various truncated V1-LEF-3 or V2-LEF-3 fusion proteins were constructed. Expression of each 

of the proteins, except LEF-3 aa 2-83, was detected by western blots and anti-LEF-3 antibody 

(Figure 24 & Figure 25). Previous analysis (Au et al., 2009) showed that LEF-3 aa 2-83 was not 

detected with the existing polyclonal LEF-3 antibody, probably due to the deletion of the region 

(epitope) that is required for the interaction with the antibody. Restriction digestion and 

sequencing analyses confirmed that all the constructs were correct. The results of the fluorescence 
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analysis revealed that all LEF-3  constructs (aa 2-83, aa 2-125, aa 2-189, aa 190-385, aa 2-

56/190-385 and aa 2-125/190-385) fused with either Venus1 or Venus2 were capable of 

interacting with full-length LEF-3 (Table 4 and Figure 26). These results showed that each of the 

Venus fragments can be fused to any of the interacting protein partners without affecting their 

interaction and clearly demonstrated the involvement of the N-terminal regions in LEF-3 

oligomerization. Further investigations suggested the participation of LEF-3 aa 190-385 in 

oligomerization (Figure 27 A, D). The interaction between full-length LEF-3 and other LEF-3 

sub-regions (aa 2-83, aa 2-125, aa 2-189, aa 190-385, aa 2-56/190-385 and aa 2-125/190-385) 

further demonstrated the capacity of PCA to detect protein-protein interaction between two 

proteins of different sizes. Similar interaction have been observed between 1) a messenger RNA 

binding protein (P50) with 20 amino acid residues and a transcription factor (P65) that has 439 

amino acid residues, 2) an insulin-receptor substrate 1 (IRS-1) with 1235 amino acid residues and 

phosphotidyl inositol 3-kinase (P13K ) which contains 85 amino acid residues and 3) 

mutacoagulation factor deficiency protein , (MCFD2) which has 940 amino acid residues and 

cargo receptor lecitin endoplasmic reticulum golgi intermediate compartment (ERGIC-53) with 

51 amino acid residues (Nyfeler et al., 2005; Hu et al., 2002; Kaihara et al., 2003). The interaction 

of LEF-3 with all the truncated constructs indicated that protein-protein interaction may occur at 

more than one site or that the deletions within LEF-3 had disrupted its conformation and allowed 

association at sites not normally available. Since single transfection of each of the full-length 

LEF-3 fusion expressing plasmid did not produce fluorescent signal, the signals from the co-

transfection of LEF-3 aa 2-83 and the full-length LEF-3 fusion plasmids showed that LEF-3 aa 2-

83 was expressed. 
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4.3.1 The role of nuclear proteins or DNA in LEF-3 self-interaction 

It had been shown through ChIP assays that IE-1, LEF-3 and P143 were closely located 

on viral DNA and might form part of the baculovirus replisome (Ito et al., 2004). This technique 

involves the cross-linking of the putative interacting proteins with the DNA. The involvement of 

the DNA makes it difficult to classify the interaction between proteins of interest as direct or 

indirect. To investigate whether nuclear proteins like histones or DNA serves as a bridge in LEF-

3 oligomerization, several combinations of plasmids expressing LEF-3 without all or part of the 

nuclear localization signals were cotransfected in Sf21 cells. The results showed self-association 

of LEF-3 aa 180-385, aa 2-13/38-385, aa 2-13/48-385 or aa 57-385 that were localized in the 

cytoplasm (Figure 28, A & D, Figure 29, D, G & J), eliminating the involvement of DNA or any 

nuclear protein in LEF-3 oligomerization. The detection of different LEF-3 interactions in the 

nucleus and in the cytoplasm confirmed that through application of PCA, protein-protein 

interaction can be detected in the nucleus or cytoplasm. This ability to show protein-protein 

interaction in the nucleus or cytoplasm is one of many advantages of working with PCAs over 

yeast two hybrid systems in which the interaction between two proteins occurs mainly in the 

nucleus (Drewes and Bouwmeester, 2003). Also, the ability to detect LEF-3 self-interaction in the 

absence of DNA suggested that PCA can be used for studying direct interaction between two 

protein partners, an additional advantage over chromatin immuno-precipitation assay (Ito et al., 

2004). 

4.3.2 Relationship between LEF-3 self-interaction domain(s) and DNA replication 

A previous result by Evans and Rohrmann (1997), in which two yeast hybrid systems 

was used, indicated that self-association can only occur between two-full length LEF-3 and that 

replication of DNA requires the expression of the full length LEF-3. However, recent research 
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showed that the expression of only LEF-3 aa 2-125 is sufficient to initiate DNA replication. LEF-

3 aa 2-83 and 190-385 do not support replication (Yu and Carstens, 2010). To determine if the 

oligomerization of LEF-3 is related to its ability to support DNA replication, self-interaction 

between four truncated LEF-3 fusion proteins (LEF-3 aa 2-83, LEF-3 aa 2-125, LEF-3 aa 2-189 

and LEF-3 aa 190-385) were studied. Since aa 2-125 and 2-189 did support replication, it was 

expected that the self-association of at least these two truncated LEF-3 fusions (aa 2-125 and aa 

2-189) would produce a nuclear localized fluorescent signal. As predicted, there were fluorescent 

signals from LEF-3 aa 2-125 and LEF-3 aa 2-189 that were localized in the nucleus (Figure 30 G 

& J). LEF-3 aa 190-385 self-interacted but the fluorescece signals were cytoplasmic (Figure 30 

M). However, no signal from LEF-3 aa 2-83 self-interaction (Figure 30 D), suggesting no LEF-3 

aa 2-83 self-interaction. 

Though, self-associations of LEF-3 aa 2-125, aa 2-189 and aa 190-385 fusion proteins 

were positive, the results repeatedly revealed a different level of the fluorescent signal intensity 

among the three combinations. Besides the combination of the two full-length LEF-3 fusion 

proteins, the signal from LEF-3 aa 2-125 self-interaction (Figure 30 G) was next in intensity, 

while LEF-3 aa 2-189 (Figure 30 J) produced the least. Therefore, the level of the signal could be 

related to the strength of the interactions (Morell et al., 2009; Morell et al., 2007). Application of 

PCA to the baculovirus protein-protein interaction being at the nascent stage, the absolute reading 

to support this observation is presently unavailable. In the future a fluorometric analysis of the 

signal might improve on this technique (Nyfeler et al., 2005). 

While oligonucleotide/oligosaccharide (OB) domain has not been identified in LEF-3, 

like any other well characterized single stranded binding proteins (Suck, 1997; Murzin, 1993; 

Theobald et al., 2003; Webster et al., 1997), the failure of LEF-3 aa 2-83 to support DNA 

replication could be attributed to the inability of its monomers to oligomerize and form the 
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required active structure for binding ssDNA. Also, LEF-3 aa 2-83 contained about half of one of 

the predicted DNA binding domain (LEF-3 aa 39-104), there might be essential secondary 

structural elements that had been inactivated by these deletions, which made it impossible for 

oligomerization to occur. LEF-3 aa 2-125 which contains both the P143 interacting domain (aa 2-

125) and a predicted DNA binding domain (LEF-3 aa 39-104), was able to support DNA 

replication probably because of the ability of its monomers to oligomerize and produce the 

required structure for the binding of the ssDNA. On the other hand, the very low level of DNA 

replication observed in the presence of LEF-3 aa 2-189 could be due to the formation of a weak 

oligomeric structure, leading to its inability to bind DNA tightly. By modifying the affinity 

chromatography used for separating chromatin on a single stranded DNA agarose column (Nehls 

and Renz, 1980), it may be possible to compare the binding affinities of LEF-3 aa 2-125 and 

LEF-3 aa 2-189 fusion proteins to single stranded DNA. 

Finally, LEF-3 aa 180-385 could not support DNA replication though it contained most 

of the predicted second DNA binding domain (aa 183-256). This was probably because the 

produced oligomeric structure was located in the cytoplasm (Figure 30 M) and therefore had no 

access to bind ssDNA which resides in the nucleus.  

Combining the data from this study with the previous results (Yu and Carstens, 2010), 

maybe the ability of LEF-3 to support replication is related to the oligomerization state of LEF-3. 

Hence, like baculovirus IE-1 (Olson et al., 2001), oligomerization and nuclear localization of 

LEF-3 may be essential requirements for LEF-3 to function in DNA replication. Finally, the 

absence interaction between pBSV1LEF-3 aa 2-83 and pBSV2LEF-3 aa 2-83 was considered as a 

negative control for this study. 



 

 92

4.3.3 Assembly of LEF-3 monomers to form oligomer 

Based on the oligomerization of aa 2-189 and aa 190-385 (Section 4.3.2), perhaps the full 

length LEF-3 exists as a homodimer with each monomer containing two oligomerization 

domains, one at the N-terminus and the other at the C-terminus. Nevertheless, the ability of each 

of both N- and C- truncated fusion proteins to interact with themselves indicated that LEF-3 

dimer subunits may dimerize to form higher-order oligomers. The connection between each 

subunit of the complex oligomer may involve head to head, tail to tail and head to tail 

interactions. Confirming these predictions will require the knowledge of crystal structure of LEF-

3. 

4.4 LEF-3 as a transporter 

P143 is the only protein known to be transported into the nucleus by the LEF-3 (Wu and 

Carstens, 1998; Chen and Carstens, 2005). Several previous immunofluorescence studies of 

plasmid encoding P47 protein in Sf21 cells showed that P47 on its own localizes in the cytoplasm 

(Carstens, unpublished data). Furthermore, a study conducted through immunoprecipitation 

technique showed that P47 has the ability to self-associate (Crouch et al., 2007). The current 

research revealed an interaction between LEF-3 and P47. This interaction produced a hetero-

oligomer that localized in the nucleus (Figure 35 D). The observed weak nuclear fluorescent 

signals from the interaction of LEF-3 aa 2-189 and P47 (Figure 35 G), suggests that P47 may 

depend only on LEF-3 N-terminal region for its nuclear transportation. However, further analyses 

such as immunofluorescence and biochemical fractionation of similarly transfected cells are 

required to corroborate these results. The absence of any significant fluorescent signal when LEF-

3 aa 190-385 was co-expressed with P47 (Figure 35 J), confirmed the specificity and selectivity 

of the interactions between various constructs of LEF-3 fusion-protein. Two possible ways to 
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confirm if P47 is transported by LEF-3 are by cotransfecting V1 and V2 tagged P47, and by 

cotransfecting the NLS deleted LEF-3 with P47. If interactions exist, the products of such 

interactions will be cytoplasmic.  

4.5 Future work 

Protein complementation assays have been successfully applied in various systems, 

mainly at 37° C degree (Kerppola, 2006). However, its application to baculovirus research in 

Sf21 cells occurred at a lower temperature (28°C). The implication of this temperature variation 

on the efficiency and specificity of this protocol in the insect cell systems requires further 

investigation. Though Venus matures faster than an improved monomeric red fluorescent protein 

(mRFP1), using mRFP1 as the reporter protein may be a good alternative to Venus protein 

because of its successful application in plant cells at 26-28oC, a preferred temperature range for 

baculovirus research (Nagai et al., 2002; Jach et al., 2006). In addition, the efficiency of this 

protocol could be quantified to maximize the use of this technique. This would involve inclusion 

of an internal control with a distinct spectral characteristic in the experiment to normalize the 

differences in the efficiencies of transfection and protein expression in individual cells (Morell et 

al., 2009). For instance, Sf21 cells could be co-transfected with a plasmid encoding full length 

mCherry (a mutant monomeric red fluorescent protein) as an internal control, together with the 

plasmids encoding V1 and V2 fusion proteins. The excitation and emission wavelengths of 

mCherry are 587 nm and 610 nm, while the excitation and emission wavelength of Venus are 515 

nm and 528 nm respectively (Fan et al., 2008; Shaner et al., 2005). The fluorescence intensities 

derived from both internal control and the interacting fusion proteins would be measured 

separately. The ratio of these two signals after subtracting the background signal would be a 

measure of the efficiency of the assay. 
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4.6 Conclusions 

In this study, PCA was used to probe the regions of AcMNPV LEF-3 involved in 

oligomerization and to investigate the interaction of LEF-3 with P47. The fusion of Venus 

fragments to LEF-3 C-terminus did not produce LEF-3 protein, suggesting a problem with either 

the transcription or the translation process. Hence, such a cloning strategy was not productive. 

The fusion of the Venus fragments to the LEF-3 N-terminus resulted in the expression of fussion 

proteins. The N-terminal fusions did not affect the ability of LEF-3 to localize in the nucleus on 

its own or to transport other none NLS proteins to the nucleus. This finding suggested that this 

protocol could be applied in baculovirus research. It is not known if the problems associated with 

the fusion at C-terminus were specific to lef3 or not.  

Most single stranded binding protein oligomerization domains are attributed to their 

oligosaccharide/oligonucleotide (OB) domain (Bernstein et al., 2004), which assembled together 

to provide the structure required for the binding of ssDNA during DNA replication. Based on the 

number of subunits that combined to achieve the four OB- domains, SSBs proteins have been 

divided into three classes. The first group is called homotetrameric proteins, in which all subunits 

(monomers) are encoded by the same gene. Most monomers of this group contain a single OB-

fold but the active forms of these proteins exist as homotetramer. The most studied members of 

this group are ecoSSB and mitochondria SSB (Yang et al., 1997; Webster et al., 1997; Purnapatre 

and Varshney, 1999; Weiner et al., 1975). The second class is homodimeric structure. Monomers 

of this group have at least two OB-folds that are joined together by a linker with a conserved beta 

secondary structure. A unique example in this categoriy is Thermus aquaticus SSB and 

Deinococcus radiodurans SSB with two OB domains located at the N-terminal and the C-

terminal respectively (Bernstein et al., 2004; Eggington et al., 2004; Dabrowski et al., 2002). The 

last group is heterotrimeric, consisting of three different subunits. In this category, the most 
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studied example is human replication protein A (Bochkareva et al., 2002). The results from the 

current study confirmed that LEF-3 exists as a homo-oligomer. It provided the first clue on the 

possible arrangement of LEF-3 momomers to form an oligomer and demonstrated that LEF-3-

LEF-3 interaction is not mediated by DNA or any nuclear proteins. 

Truncated regions of LEF-3 have been examined for their ability to interact with full-

length LEF-3 (Evans and Rohrmann, 1997). The results indicated none of the deletion clones (aa 

1 to 370, 1 to 314, 311 to 383, 244 to 385, 165 to 385, and 77 to 385) of LEF-3 interacted with 

another full length LEF-3, or support DNA replication in a transient assay. However using 

bacmid system, it has been shown that LEF-3 aa 2-125 and aa 2-189 are capable of supporting 

viral DNA replication and late gene expression (Yu and Carstens, 2010). Though similar mutants 

were not constructed, the ability of all the truncated LEF-3 constructs to interact with the full-

length LEF-3 in this current study may be due to the differences in the response of Y2H and PCA 

to the suggested inhibitory effect of LEF-3 aa 126-189 on the ability of LEF-3 aa 2-189 to 

support viral DNA replication and late gene expression (Yu and Carstens, 2010). This inhibitory 

effect might also be responsible for the weak oligomerization of LEF-3 aa 2-189 compared to 

LEF-3 aa 2-125. Also LEF-3 aa 244 to 385 and 311 to 383 constructs failed to interact with the 

full-length LEF-3 (Evans and Rohrmann, 1997), probably due to the absence of any of the two 

predicted DNA binding domains. However, in agreement with the previous results (Evans and 

Rohrmann, 1997), the current results showed that both LEF-3 N- and C- terminals contain its 

oligomerization domains. 

A suggestion has been made that LEF-3 may be involved in performing other unknown 

functions in vivo besides transporting P143 and forming a replisome complex with IE-1 (Ito et 

al., 2004). The observed positive interaction between LEF-3 and P47 with its nuclear localization 

suggested that P47 may be another cargo of LEF-3. Finally, the protein complementation assays 
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presented in this work can serve as a valuable tool for the investigation of protein-protein 

interactions involved in baculovirus DNA replication and transcription in vivo. 
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