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Abstract 

Transient replication assays have identified a late expression factor 3, LEF-3, to 

be essential for DNA replication and late gene expression in the baculovirus species, 

AcMNPV. Although its specific role in these two processes has not been determined, this 

single-stranded DNA binding protein is multi-functional. LEF-3 forms a homo-oligomer, 

binds single-stranded DNA, interacts with components of the viral replication complex 

and is required to transport the helicase protein P143 into the nucleus of infected cells. 

Various regions within LEF-3 were deleted to determine the domain essential to its 

function and the N-terminal amino acids 1-125 were found to be sufficient for late gene 

expression. This N-terminal region includes the 56 amino acid region of LEF-3 required 

for nuclear transport. In order to define this domain, the effect of site-specific 

mutagenesis of LEF-3 on its intracellular distribution was determined. Fluorescence 

microscopy of expression plasmid transfected cells demonstrated that amino acids 14 to 

37 formed the core nuclear localization signal (NLS), but the flanking amino acids may 

act as regulatory elements. Comparison with other group 1 Alphabaculoviruses suggested 

that this core region contained a functionally duplicated NLS. The AcMNPV LEF-3 also 

functioned in mammalian cells indicating that the protein nuclear import systems in 

insect and mammalian cells are conserved. Mutagenesis of two conserved cysteine 

residues located at amino acids 82 and 106 were not essential for nuclear localization or 

for interaction with P143. However, by using a modified construct of P143 that localized 

on its own to the nucleus, it was demonstrated that a functional nuclear localization 

domain on LEF-3 was required for an interaction between LEF-3 and P143. 
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Chapter 1. Introduction 

As early as the sixteenth century, observations of a “wilting disease” in silkworms 

were recorded. By the early 1900’s, it was discovered that this disease was caused by a 

“filterable disease agent” (Bergold, 1953). This discovery led to the idea that a virus 

could be used as a method of insect control and launched the field of baculovirology. 

Research into the development of baculoviruses as biopesticides focused on methods to 

enhance its pathogenesis as a disease agent and to produce a commercial product in large 

quantities at a low cost (Szewczyk et al., 2006).   This led to the discovery that each 

baculovirus species was able to cause disease in only one or a small number of closely 

related host insect species (McIntosh et al.; 1985, Kool et al., 1995).  Although this 

narrow host range presented the perfect solution to maintaining ecological balance by 

having a detrimental effect solely on the targeted pest, it was also a hindrance to the 

marketability of the baculovirus as a profitable commercial control agent with multiple 

uses.  Further studies into the molecular biology of the virus led to the use of 

baculoviruses for large-scale protein production. This was due to the characterization of a 

very late gene, polyhedrin (polh) that was expressed under an unusually strong promoter 

and resulted in large quantities of this protein produced in the infected cells (Smith et al., 

1983). The polyhedrin protein was needed for the formation of the polyhedra but could 

be deleted without affecting virion production.  When an exogenous gene was placed 

under the control of the polh promoter, the recombinant protein expressed can account for 

about 25-50% of the total cellular protein (Ramachandran et al., 2001).  This led to the 

design of baculovirus expression vector system (BEVS) for high level gene expression 

using a recombinant baculovirus (Smith et al., 1983).   
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The use of BEVS was initially limited to use in insects cells but the observation 

that baculoviruses were not able to replicate in mammalian cells opened the possibility of 

using the virus in human gene therapy (Hoffman et al., 1995; Ghosh et al., 2002).  This 

characteristic was first discovered in 1983 as initial studies showed that the baculovirus 

could enter mammalian cells and viral DNA could reach the nucleus.  However, the 

baculovirus appeared to be incapable of replicating its genome and producing new 

infectious virus once inside the mammalian cell (Tjia et al., 1983; Volkman and 

Goldsmith, 1983).  Hence, the use of the virus for gene therapy would be a safe way to 

introduce genes of interest into human cells for investigation (Hu, 2006). Interest in the 

potential uses and applications of baculoviruses in both insect and humans has fuelled 

research on the ecology and evolution of the virus.  Over the decades, continued efforts 

have been made to gain a better understanding of the viral infection process at the cellular 

and molecular level. However, there are still many aspects of baculovirus gene 

expression and DNA replication that are waiting to be revealed by continuing 

advancements in microbiological technologies and explained through our growing 

knowledge of other viral systems. 

1.1 Baculoviridae 

The Baculoviridae is a family of rod-shaped, enveloped viruses with an average 

nucleocapsid size of 30-60nm in diameter and 250-300nm in length. Baculoviruses are 

arthropod-specific and found in over 600 insect species, mainly from the four orders of 

Lepidoptera (butterflies and moths), Hymenoptera (bees and wasps), Diptera 

(mosquitoes and true flies) and Decapoda (shrimp) (Fauquet et al., 2005). Based on the 

morphology of their occlusion bodies, baculoviruses are divided into four genera, 
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Alphabaculovirus, Betabaculovirus, Deltabaculovirus, and Gammabaculovirus. 

Occlusion bodies are proteinaceous structures that contain virions or virus particles 

surrounded by a protein matrix of polyhedrin or granulin. Each baculovirus species 

produces either large, polyhedral-shaped occlusion bodies, ranging in size from 0.15-

0.30µm, which contain many virions or smaller, ovoid occlusion bodies that have an 

average size of 0.15 x 0.50µm and contain a single virion (Jehle et al., 2006).   

1.1.1 Baculovirus replication cycle 

Viral infection of susceptible insects occurs in two phases: initial infection in the 

midgut by the occlusion-derived virus (ODV) followed by the spread of the virus to other 

cells within the host by the non-occluded or budded virus (BV) (Okano et al., 2006). 

While they are genetically identical, these two types of virions are produced by the 

infected cell at different points in the infection cycle and have distinct functions. The BV 

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

transmission from insect to insect. The primary infection begins when occlusion bodies 

(OB) are ingested by the host insect and are dissolved in the alkaline environment of the 

midgut, releasing the ODV.  The virion binds to and penetrates the columnar epithelial 

and regenerative cells of the midgut. Inside the cell, the virion is uncoated and the 

nucleocapsid is transported to the nucleus where replication occurs and new virions are 

made. In early stages after infection, the new virions synthesized are transported out of 

the nucleus and released from the infected host cell by budding through the plasma 

membrane. These BV normally contain a single nucleocapsid enclosed in an envelope 

derived from the plasma membrane modified with viral proteins.  Spread of BV through 

the circulatory system to other cells and tissues begins the secondary infection (Herniou 
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et al., 2003). At a later stage after infection, an unknown mechanism switches the 

production of BV to ODV. The production of BV decreases as the newly made virions 

now remain in the nucleus. These virions obtain their envelopes in the nucleus and then 

one or more are occluded in a crystalline protein matrix to form ODV. Infection 

eventually results in liquefaction of the insect and release of the ODV from the cell into 

the environment. The occlusion bodies act as a protective shield for the virus particles, 

allowing the virus to survive environmental conditions, such as desiccation and 

degradation, until they are ingested by another insect host and start a new infection cycle.  

1.1.2 Genome Organization  

Baculoviruses contain double-stranded circular DNA genomes ranging from 82-

180kb predicted to code for 100-200 proteins (Okano et al., 2006). Based on analysis of 

completely sequenced genomes, 30 genes are common amongst all species and putative 

functions have been found for 20 of these (Herniou et al., 2003; Jehle et al., 2006). 

Autographa californica multiple nucleopolyhedrosis virus (AcMNPV) is the best studied 

member of the Baculoviridae family and most of the genes identified in this system now 

serve as a basis for comparison to other baculoviruses. The C6 variant was the first 

baculovirus genome to be completely sequenced (Ayres et al., 1994). 

A unique feature of most baculovirus genomes is the presence of homologous 

repeat (hr) sequences found dispersed within the genome (Cochran and Faulkner, 1983). 

In AcMNPV, there are eight homologous regions, hr1, hr1a, hr2, hr3, hr4a, hr4b, hr4c, 

and hr5. Each hr contains two to eight repeats of an imperfect 30-bp palindrome with an 

EcoRI site (5’GAATTC3’) at the center. These repeats are flanked on both sides by 20-bp 

of a direct repeat element (Rasmussen et al., 1996).  It has been shown indirectly that the 
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hrs play a role as origins of replication and enhancers for transcription (Kool et al., 1993), 

but individual hrs are not essential in vivo (Carstens and Wu, 2007).  While the hrs in the 

same genome seems to be related in function to one another, the individual hr sequences 

are unique. In comparing the location and sequence of hrs in different baculovirus 

species, limited homology is found. The common element is the palindromic sequences 

flanked by the repeat elements.  This makes it difficult to identify the exact sequence that 

plays a role in replication or transcription. In some species, the hrs do not even exist or 

are found as imperfect palindromes without the repeat sequences (Okano et al., 2006).  

1.2 Baculovirus gene expression  

Studies on the baculovirus replication cycle have shown that gene expression is a 

temporally regulated cascade divided into early, late and very late stages post-infection 

(Carstens et al., 1979). The early stage takes place before viral DNA replication initiation 

and early genes are expressed by the host RNA polymerase. The early gene products are 

involved in establishing the proper context for viral DNA replication (Friesen, 1997; Lu 

and Miller, 1997). The late and very late stages are dependent on viral DNA replication 

and occur concurrently or after the initiation of this process, resulting in the synthesis of 

viral structural proteins as well as proteins involved in the occlusion process (Lu and 

Miller, 1997). Late and very late genes are expressed by the viral RNA polymerase 

(Fuchs et al., 1983).  

 In Sf21 cells infected with AcMNPV, the expression of the genome follows this 

timeline immediately after infection: immediate early genes are expressed from 0 to 3 

hours; delayed early genes are expressed from 3 to 6 hours; DNA replication begins 

between 6 to 8 hours; late genes are expressed from 6 to 24 hours; and very late gene 



   - 

  

6 

expression starts after 12 hours (Carstens et al., 1979; Tjia et al., 1979; Blissard and 

Rohrmann, 1990). This temporal cascade of gene expression appears to be regulated at 

the level of transcription where one group of proteins has an essential role in regulating 

the subsequent expression of other genes (Passarelli and Guarino, 2007). 

The exact mechanism for regulating this switch is not clear, but there are several 

possible factors involved. The early gene promoters have structural elements that are 

similar to cellular genes that are transcribed by host RNA polymerase. In contrast, the 

late and very late promoters have a highly conserved 5’-(A/G/T)TAAG-3’ motif that is 

responsive to the viral RNA polymerase, dedicating it for transcription after the switch 

from the host to viral RNA polymerase has been made (Huh and Weaver, 1990). Late and 

very late genes code for structural and occlusion related proteins that are needed for the 

assembly of new virions. Expression of late and very late genes are blocked when DNA 

replication is inhibited (Miller et al., 1981) and they are thought to be transcribed from 

newly replicated DNA that has not been packaged into new virions (Okano et al., 2006).  

This suggests that DNA replication is also a factor involved in the regulation of gene 

expression. 

1.3 Baculovirus DNA replication 

DNA replication is the biological process of duplicating an organism’s genetic 

material. This complex process of copying double-stranded (ds) DNA requires many 

proteins and involves the unwinding of the DNA helix and using the single strands as 

templates for synthesis. At the end of a replication cycle, each original strand has a new 

complementary strand and two DNA molecules are produced (Frouin et al., 2003). 

Virions are synthesized when the newly replicated genomes are packaged with structural 
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proteins and exported out of the nucleus. Hence, this faithful duplication of the viral 

genome during the infection cycle is essential for propagation of the virus. Most of the 

knowledge on the sequences of events that take place during viral DNA replication has 

been based on the results observed in viruses such as Simian Virus 40 (SV40), Herpes 

Simplex Virus 1 (HSV-1) or through organisms such as Escherichia coli and 

Saccharomyces cerevisiae (Campbell, 1986; Bielinsky and Gerber, 2000).  

In AcMNPV, many genes essential for transcription and DNA replication have 

been identified and characterized (Kool et al., 1994a; Lu and Miller, 1995). Transient 

expression assays in cell culture have identified genes, collectively known as late 

expression factors (lefs), which are required for recognition and stimulation of some early 

and late viral promoters (Todd et al., 1995). A subset of these lefs have been identified by 

genetic analysis and transient replication assays to be essential or stimulatory for 

AcMNPV DNA replication. The essential replication genes include ie-1, p143, dnapol, 

lef-1, lef-2, lef-3 and lef-11 (Kool et al., 1994a; Lu and Carstens, 1991; Lu and Miller, 

1995; Lin and Blissard, 2002)). Homologs of most of the genes essential for replication, 

with the exception of ie-1 and lef-3, are found in all baculoviruses species (Herniou et al., 

2003). The p35, ie2, pe38 and lef-12 genes are also involved in AcMNPV DNA 

replication but deletion of these genes does not stop replication, suggesting that their 

products, P35, IE-2, PE38, and LEF-12 are stimulatory but not essential for viral DNA 

replication (Lu and Miller, 1995; Rapp et al., 1998). In baculoviruses, several of the 

proteins involved in DNA replication are subsequently required for the activation of late 

gene expression. This can be seen as a method of controlling the various stages of the 

virus infection cycle as it ensures that late genes, such as those for structural elements and 
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packaging of new virions, are not expressed until the LEFs are made and possibly 

completed their function in DNA replication.   

As essential proteins were identified, their putative responsibilities in baculovirus 

DNA replication were hypothesized based on structural or functional similarities to 

known proteins in established replication systems.  Experiments designed to observe their 

interactions and activity in the presence of DNA, other proteins and replication factors 

gave further insight on their role. A comparison to HSV-1 yielded several similarities. 

Both HSV-1 and baculoviruses replicate in the nucleus and have ds-DNA genomes that 

are or become circular (Kool et al., 1994b). In HSV-1, seven genes are essential for DNA 

replication in transient assays: UL30 (DNA Polymerase), UL42 (DNA Polymerase 

Clamp), UL5/UL52/UL 8 (Helicase-Primase complex), UL9 (Origin Binding Protein), 

and UL29 (SSB) (Lehman and Boehmer, 1999). Proteins with similar putative functions 

have been identified in the baculovirus.  While every replication system has its unique 

features, the process of DNA replication is generally separated into three phases: 

initiation, elongation and termination. Different proteins play specific roles in each of 

these stages but the requirement for an initiator, helicase, primase, DNA polymerase and 

single-stranded DNA binding (SSB) proteins is common between all systems (Bambara 

et al., 1997).  

During initiation, a replication fork is created by “melting” of the ds-DNA and a 

helicase binds to the exposed ss-DNA to continue unwinding the ds-DNA. SS-DNA 

binding proteins, such as replication protein A (RPA) in S. cerevisiae, bind to the newly 

exposed ss-DNA in order to stabilize it and prevent reannealing (Bambara et al., 1997). 

In order to begin elongation in yeast, a primer must be synthesized by a DNA polymerase 
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α-primase. The synthesis of a primer allows DNA polymerase δ/ε to be loaded and begin 

elongation (Bambara et al., 1997). Elongation on the leading strand is continuous 

whereas on the lagging strand, elongation is discontinuous and results in synthesis of 

Okazaki fragments. When the polymerase encounters the RNA primer from a previously 

synthesized fragment, Ribonuclease HI (RNase HI) and endonuclease 1 (FEN1) are 

recruited to degrade the primer. DNA ligase completes the process by joining the two 

fragments to yield one strand of newly synthesized DNA (Bambara et al., 1997). While it 

is not certain if baculoviruses have counterparts for the replication factors described, 

proteins with putative helicase, primase, DNA polymerase and ss-DNA binding functions 

have been identified.   

An origin of replication is a unique DNA sequence that is responsible for the 

initiation of replication because it binds proteins necessary for the assembly of a pre-

replication complex. For many species such as yeast, this sequence is known as an 

autonomously replicating sequence (ARS) and has four sequence domains, A, B1, B2 and 

B3. The essential core sequence, A/TTTTATG/ ATTTA/T, is found in the A domain and 

is highly conserved between different origins (Bryant et al., 2001). In HSV-1, the DNA 

consists of two segments, long (L) and short (S), which are covalently linked.   Each 

component contains a large unique sequence (UL and US) flanked by repeated regions (R) 

(Wadsworth et al., 1975).  Within the genome, three cis-acting elements function as 

origins of DNA replication: one copy of oriL, located within UL, and two copies of oriS, 

located within a region of the repeat sequences. Both oriS and oriL contain large 

palindromes that center on an AT region flanked by inverted repeats that act as binding 

sites for the HSV-1-encoded origin-binding protein (Lehman and Boehmer, 1999). The 
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multiple origins appear identical in every respect other than size and location and none of 

them are individually essential for replication.  In both yeast and HSV-1, it is still 

uncertain whether the site for the origin of replication is determined by the recognition of 

a specific sequence or by the chromatin structure formed by the domain. 

Baculovirus DNA replication occurs in the nucleus of the host cell and the hrs 

may function as origins of replication.  Seven of the eight putative origins of replication 

(ori) are located in the hrs 1, 1a, 2, 3, 4a, 4b and 5 of the AcMNPV genome (Kool et al., 

1994b). The eighth one is not found within an hr region. However, it has recently shown 

that no single hr region was individually essential for replication (Carstens and Wu, 

2007). Early promoters have also been shown to function as an ori (Wu and Carstens, 

1996). Since hr, non-hr and promoter sites have all been implicated as origins of 

baculovirus DNA replication, it would seem that the requirement for initiation of 

replication is any site where DNA can be unwound and provide access to a replication 

complex. In the case of promoters as ori, the binding of RNA polymerase to the sequence 

would cause unwinding.  With ori located within hrs, it has been shown that immediate-

early protein 1 (IE-1) is capable of binding to the regions on or close to the imperfect 

palindrome sequence (Ramussen et al., 1996). This may provide a platform for access to 

other proteins to bind to the DNA to initiate replication.   

Although it is not found in Hymenopteran or Dipteran-specific baculovirus 

genomes, IE-1 was shown to be essential to DNA replication in AcMNPV and may act as 

the initiator (Kool et al., 1994a; Lu and Miller, 1995). It is synthesized in the early stage 

of gene expression and can be detected at 2 hours post infection (hpi). The protein 

contains a SSB-like motif at the C-terminus that may act to stabilize single-stranded 
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DNA to allow for initiation of DNA replication and activation of transcription (Kool et 

al., 1994a). It also contains two transcriptional activation domains at the N-terminus 

(Slack and Blissard, 1997) and is able to bind DNA through an hr binding domain (Olson 

et al., 2003). By forming a dimer, IE-1 can bind to palindromic sequences in hrs so it 

may serve as an initiator protein (Ramussen et al., 1996). While initial studies failed to 

show any interaction between IE-1 and other proteins (Hefferon and Miller, 2002), recent 

findings indicate that in addition to strong associations with ds-DNA, IE-1 interacts with 

both the P143 putative helicase and LEF-3 single-stranded (ss) DNA binding protein (Ito 

et al., 2005). These data correlate IE-1 ability to bind other proteins, suggesting it is 

required for the formation of the pre-replication complex (pre-RC) and plays a role in 

recruiting other proteins to the DNA for replication. 

1.3.1 Helicase 

Helicases are a family of proteins crucial for the elongation stage of DNA 

replication. DNA helicases are motor proteins that use the free energy from the 

hydrolysis of ATP to unwind ds-DNA. This is essential for DNA replication since ss-

DNA is required for the loading of the replication machinery and used as a template for 

elongation. The abilities to bind nucleic acid, hydrolyze NTPs and unwind duplex DNA 

are common features among all helicases (Tuteja and Tuteja, 2004a). The P143 protein 

contains 1,221 amino acids and based on analysis of its sequence combined with 

functional assays, it was predicted to have domains involved in these common helicase 

functions (Lu and Carstens, 1991). 

The AcMNPV p143 gene is located in the 60.1-68.3 map unit region of the 

genome and codes for a 143 kDa protein (Lu and Carstens, 1992).  P143 is synthesized 
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soon after the initial infection, prior to DNA replication, and is transported to the nucleus 

(Laufs et al., 1997). P143 is initially detected in infected cells at 4 hrs after infection (Lu 

and Carstens, 1992) and appears to be stable even after 72 hrs (Laufs et al., 1997).  The 

protein was first recognized as being essential to DNA replication through the 

identification of a temperature sensitive mutant, ts8 (Gordon and Carstens, 1984).  The 

ts8 mutant was defective in AcMNPV DNA replication at the non-permissive 

temperature and characterization of the mutation revealed a single base change within the 

P143 opening reading frame (Lu and Carstens, 1991). 

P143 is classified as a putative helicase due to the presence of seven motifs that 

are conserved among a superfamily of proteins shown to be involved in DNA duplex 

unwinding (Lu and Carstens, 1991). Of the seven conserved amino acid domains termed 

‘helicase motifs’ (Gorbalenya et al., 1989), a leucine zipper motif, a putative nuclear 

localization signal, a helix-turn-helix structure and an ATP binding motif were found in 

P143 (Lu and Carstens, 1991). McDougal et al. (2000) observed the unwinding of ds-

DNA by P143 in helicase assays that measured the displacement of a 32P-labelled 40-mer 

found in ssM13 DNA. Displacement occurred with the addition of P143, but no 

unwinding occurred in the absence of ATP. P143 ability to unwind a 40-mer from ss-

DNA confirmed that P143 functions as a DNA helicase and must hydrolyze ATP in order 

to perform unwinding. Results from a variation on this assay showed P143 does not 

require a 3’ tail or replication fork for DNA unwinding (McDougal and Guarino, 2000), 

which is similar to the helicase activity of gene 4 in phage T7 and DnaB in E. coli. 

P143 is capable of binding non-specifically to ds-DNA and ss-DNA (McDougal 

and Guarino, 2001; Laufs et al., 1997).  The addition of ATP and MgCl2 lowers the 
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ability of P143 to bind to both ds and ss-DNA, suggesting that the binding and hydrolysis 

of ATP by the protein causes a conformational change that reduces P143 affinity for 

DNA. Similar inhibition of DNA binding in the presence of ATP is seen with the 

hepatitis C virus helicase, NS3 (Frick, 2007). It is also interesting to find that P143 does 

not bind any other nucleoside triphosphates (NTPs) or analogs of ATP (McDougal and 

Guarino, 2001). Increasing the amount of ss-DNA, not ds-DNA or RNA, caused an 

increase in ATP hydrolysis by P143 (McDougal and Guarino, 2000). This supports an 

model where the helicase is alternating between hydrolysis of ATP and translocation in 

order to unwind the ds-DNA (McDougal and Guarino, 2001). 

While it may share domain structure and functional similarities to the 

minichromosome maintenance proteins (MCM) in S. cerevisiae and the UL5/UL52 

complex in HSV-1, P143 is unique in its need to be transported into the nucleus by a ss-

DNA binding protein, LEF-3, in order to function (Wu and Carstens, 1998). This 

association between P143 and LEF-3 has been the focus of much research and this thesis 

will further explore the interaction between these two proteins and its implications. 

1.3.2 Primase 

After the ds-DNA is unwound by a helicase, the primase is responsible for 

synthesizing a primer for elongation. LEF-1 and LEF-2 are two proteins shown to be 

essential for elongation and are thought to form hetero-oligomeric complexes during 

DNA replication (Evans et al., 1997). When the LEF-1 putative primase domain is 

disrupted, replication does not occur (Mikhailov and Rohrmann, 2002). The role of LEF-

2 has not been determined but its interaction with LEF-1 is essential for DNA replication, 

suggesting that LEF-1 functions as a primase, while LEF-2 may be a primase accessory 
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factor (Mikhailov and Rohrmann, 2002). The discovery that LEF-1 also interacts with 

P143 (Hefferon and Miller, 2002; Mikhailov and Rohrmann 2002) is interesting since 

this interaction between the primase and helicase in yeast has not been observed. 

However, in HSV-1, UL5, UL52 and UL8 form a primosome that acts as a DNA 

helicase-primase complex, suggesting that the mechanism of DNA replication in 

baculoviruses may be more similar to HSV-1. 

1.3.3 DNA polymerase 

Once a primer is synthesized, DNA polymerase is recruited for elongation. The 

baculovirus dnapol gene is transcribed early and codes for a 114kDa protein (DNAPOL) 

with the polymerization and exonuclease activity characteristic to DNA polymerases 

(Tomalski et al., 1988; McDougal and Guarino, 1999; Hang and Guarino, 1999). 

DNAPOL also contains highly conserved amino acid sequences that are similar to other 

viral DNA polymerases (Tomalski et al., 1988). The AcMNPV DNA polymerase 

exhibited interactions with itself and with LEF-3 (Ito, 2004), indicating that the 

polymerase may function in a complex separate with the single-stranded DNA binding 

protein. The viral AcMNPV DNA polymerase cannot be substituted by the host 

polymerase (Vanarsdall et al., 2005), suggesting that there is something unique about its 

function or that viral replication is dependent on specific interactions between DNAPOL 

and other replication proteins that cannot occur with a host polymerase 

1.3.4 Single-stranded DNA binding proteins (SSBs) 

Single-stranded DNA binding proteins (SSBs) play an important role in the DNA 

replication and are needed to protect ss-DNA from nuclease attack and from forming 
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secondary structures when it needs to remain single-stranded for processes such as 

replication. Members of the SSB family share two common features: 1) an 

oligonucleotide/ oligosaccharide binding (OB) domain and 2) obligate oligomerization 

that unite four OB domains. The conserved OB domain is a fold formed by β strands that 

binds ss-DNA (Kur et al., 2005). 

In baculoviruses, several SSBs have been identified. LEF-7 may be a single-

stranded DNA binding protein as it contains two repeats of a ss-DNA binding motif also 

found in the UL29 protein of herpes simplex virus-1 (Lu and Miller, 1995). LEF-7 does 

not appear to interact with itself or with other LEFs and, while it has a large stimulatory 

effect on DNA replication in plasmid transfected Sf21 cells, is not essential (Lu and 

Miller, 1995). DNA binding protein (DPB) is another SSB that is found in all baculovirus 

genomes with the exception of the dipteran virus. Although it is expressed abundantly in 

AcMNPV, the role of DBP has not been identified (Okano et al., 2006). The most 

extensively studied SSB in the baculovirus is LEF-3. 

1.4 Late Expression Factor 3 (LEF-3) 

Homologues of LEF-3 are found in all baculovirus species except the 

hymenopteran and dipteran viruses (Vanarsdall et al., 2007). The lef-3 gene is an early 

gene expressed as a 2 kb mRNA first detected at 3 hrs post infection and maximally 

abundant at 6 hrs. mRNA levels decrease initially at 12 hrs and significantly at 24 and 48 

hrs (Li et al., 1993). LEF-3 (385 a.a.) is first detected at 4 hrs post infection and the 

greatest amount is found at 6 hrs (Chen et al., 2004). These results are consistent with 

each other and indicate that LEF-3 is synthesized prior to DNA replication, which is first 

detected in AcMNPV-infected Sf cells at 6-8 hrs post infection and peaks by 16 – 18 hrs 
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post infection (Tjia et al., 1979). In AcMNPV, expression of the lef-3 gene produces a 

protein with a molecular mass of 45kDa. LEF-3 localizes to the “virus replication 

factories” within the nucleus of infected cells (Okano et al., 1999). This nuclear 

translocation of the LEF-3 is mediated by a nuclear localization domain within the N-

terminal of the protein (Chen and Carstens, 2005). While its specific role in replication 

and gene expression is not known, some properties of LEF-3 have been identified. LEF-3 

functions as an homo-oligomer (Mikhailov et al., 2008), it binds ssDNA (Hang et al., 

1995; Mikhailov et al., 2005a), it transports P143 to the nucleus (Wu and Carstens, 1998) 

and it interacts with other viral proteins including viral alkaline nuclease (Mikhailov et 

al., 2003), P143 and IE-1 (Ito et al., 2004) 

The ability of LEF-3 to bind ss-DNA in electrophoretic mobility shift assays 

(EMSA) was demonstrated and upon deletion of a putative DNA binding domain within 

LEF-3, a decreased affinity for ss-DNA was observed (Mikhailov, et al., 2005a). Further 

experiments showed that the protein binds ss-DNA non-specifically and does not bind ds-

DNA (Hang et al., 1995). In addition to its ability to bind ss-DNA, LEF-3 is able to 

destabilize partial DNA duplexes independent of Mg2+ and ATP and to anneal 

complimentary strands. Unlike other SSBs such as ICP8 from HSV-1, which show no 

difference in efficiency or preference for directionality in unwinding, LEF-3 is 

unidirectional and melts DNA from 5’ to 3’ (Mikhailov, 2000). Evidence suggests that 

LEF-3 promotes annealing when there are low amounts of ss-DNA and unwinding when 

there are high amounts, two activities that are determined by the ratio of protein to DNA 

and operate in a competitive manner (Mikhailov et al., 2005b). These data might indicate 

that LEF-3 plays a central role in replication through its ability to alter the DNA 
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structure. During replication and in the presence of helicase, there will be a high amount 

of exposed ss-DNA. It can be hypothesized that LEF-3 promotes unwinding in order to 

facilitate replication. As replication slows down or nears termination, there will be less 

ss-DNA and LEF-3 may promote annealing to aid in the ligation and formation of a new 

strand of ds-DNA. 

 LEF-3 has been shown to interact with itself to form an oligomer and this 

conformation is thought to be essential for its function (Evans and Rohrmann, 1997). 

Protein-protein interactions between IE-1, LEF-3 and P143 as a complex on viral DNA 

have been demonstrated (Ito et al., 2004). LEF-3 does not appear to interact with LEF-1 

or LEF-2 (Evans and Rohrmann, 1997). However, interaction between LEF-1/LEF-2 and 

P143 (Mikhailov and Rohrmann, 2002) and between IE-1, LEF-3 and P143 (Ito et al., 

2004) suggested that the initiator, helicase and primase form a complex that also 

associates with SSB.  LEF-3 also associates with DNA polymerase (Ito, 2004). These 

properties suggest that LEF-3 is a key component for the assembly and function of the 

viral replisome.  

These data suggest that LEF-3 has several functional domains including those 

responsible for self-interaction, ssDNA binding, interaction with host karyopherins for 

nuclear localization, interaction with P143, and interaction with alkaline nuclease. The C-

terminus is thought to be involved in protein-protein interactions (Evans et al., 1999). The 

domain shown to bind ssDNA is large and centrally located within the protein (amino 

acids 28-326) and is predicted to be composed of two regions (amino acids 39-104 and 

183-256) (Mikhailov et al., 2006). A region within the N-terminal 125 amino acids of 
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LEF-3 is required for interaction with P143, while the N-terminal 56 amino acids are 

responsible for nuclear localization (Chen and Carstens, 2005). 

1.4.1 Nuclear Transport 

Baculovirus DNA replication takes place in the nucleus so viral proteins required 

for this process must be transported from their site of synthesis in the cytoplasm to the 

nucleus. The ability of a cell to selectively transport proteins between the cytoplasm and 

the nucleus in order to regulate gene expression and other cellular processes is essential 

for the survival of the cell. Transport of macromolecules between the cytoplasm and 

nucleus is regulated by the nuclear pore complex (NPC), a set of proteins embedded in 

the nuclear envelope. The NPC allows passive diffusion of small proteins but larger 

proteins generally require active transport involving the interaction of the NPC with 

carrier proteins (Paine et al., 1975; Bonner, 1978, Cook et al., 2007). Cargo proteins that 

need to be transported across the NCP must carry an appropriate nuclear targeting signal 

that is recognized by carrier proteins collectively known as “karyopherins”. Importins 

transport cargo proteins into the nucleus whereas exportins are responsible for export. 

Studies on nucleocytoplasmic transport in eukaryotic organisms have identified 

numerous highly regulated mechanisms for intracellular trafficking pathways that involve 

a wide range of karyopherins, with the classical nuclear import pathway being the best 

characterized (Tran et al., 2007).  In this system, the cargo protein destined for the 

nucleus carries a string of amino acids on the exposed surface of the protein referred to as 

the nuclear localization signal (NLS) that is recognized by importin carrier proteins for 

transport through the NPC. These importin proteins form complexes that interact with the 

NPC to facilitate transport. Classical NLS sequences usually consist of positively charged 
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lysines and arginines and contain either one (monopartite) or two (bipartite) stretches of 

basic amino acids. Monopartite NLSs have a PK(K/R)xK(K/R) consensus sequence and 

bipartite NLSs have a KRxxxxxxxxxKKKK consensus sequence (Lange et al., 2007). 

Non-specific amino acids are designated as “x”. 

AcMNPV LEF-3 NLS is translocated into the nucleus shortly after expression in 

the cytoplasm (Wu and Carstens, 1998). The region (N-terminal 56 amino acids) 

responsible for nuclear import is much larger than many of the known classical NLSs 

(Chen and Carstens, 2005)  including those identified in baculovirus. For example, 

AcMNPV polyhedrin and BV/ODV-C42 contain a NLS consisting of only four amino 

acids, KRKK (Jarvis et al., 1991, Braunagel et al., 2001) while IE-1 also requires a short 

sequence containing the essential amino acids KxxRR functioning as a dimer for its NLS 

function (Olson et al., 2002). In his work to identify the nuclear localization domain, Dr. 

Zhilin Chen constructed various LEF-3 truncated mutants (Chen and Carstens, 2005) 

(Figure 1).  First, constructs expressing only the N (pHSEHAcLEF-3-N; amino acids 2–

189) or C-terminal (pHSEHAcLEF-3-C; amino acids 190–385) halves of the protein 

were constructed.  Immunofluorescence localization of these LEF-3 mutants narrowed 

down the nuclear localization domain to the N-terminus. Further truncations were 

constructed to narrow down the region within the N-terminal domain required for nuclear 

localization (pHSEHAclef-3aa2-125, pHSEHAclef-3aa2-83, pHSEHAclef-3aa84-189).  

Mutants encompassing amino acids 2-83 and 84-189 were made to each encompass one 

of two conserved cysteine residues in the N-terminal at positions 82 and 103, 

respectively, and the mutant encompassing amino acids 2-125 included both.  Some of 

the truncation mutants also retained a portion of the C-terminal region in order to provide
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Figure 1. Schematic diagram of AcMNPV LEF-3 truncation mutants 

A scaled representation of the various LEF-3 truncation mutants with full-length LEF-3 
(grey) shown at the top of each set.   Dashed lines represent amino acids that have been 
deleted.  Each protein is expressed under the control of a Drosophila heat shock 70 heat 
shock promoter and fused at the N-terminus with the same 22- amino acids sequence 
including a 6xHis tag (dark grey). The LEF-3 truncated mutants are shown with the color 
shaded region represent the amino acids within the N-terminal (purple) or the C-terminal 
(blue) that have been incorporated (modified from Chen and Carstens, 2005).  
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 enough of the LEF-3 opening reading frame for recognition by the LEF-3 antibody 

(pHSEHAclef-3aa2-83/190-385 and pHSEHAclef-3aa2-56/190-385).  His results showed 

that all the constructs containing amino acids 2-56 were transported to the nucleus (Table 

1), indicating that the nuclear localization domain was contained within this region. 

Further study of the different LEF-3 sequences revealed a short region between amino 

acids 20-28, MAMASSPKK, which was present in some of the viruses, including 

AcMNPV, but not in others, such as CfMNPV (Chen and Carstens, 2005).  The 

significance of this domain has not been established and it is unclear if it has a functional 

role in LEF-3 nuclear localization.    

1.4.2 Interaction with P143 

It appears that the nuclear localization function of LEF-3 is not only important for 

its own function, but also for another replication protein, P143. P143 is synthesized in the 

cytoplasm, but since it is essential for DNA replication, movement of the protein to the 

nucleus must occur. P143 was detected in the nucleus of infected Sf21 cells by 

immunofluorescence but remained cytoplasmic when transfected on its own in the 

absence of other baculovirus proteins (Wu and Carstens, 1998). However, when P143 

was cotransfected with plasmids expressing LEF-3, it was completely localized to the 

nucleus, indicating that LEF-3 was necessary for transporting the helicase. Further 

studies showed that P143 and LEF-3 copurify from hydroxylapatite and ss-DNA 

cellulose, suggesting an interaction between the two proteins (Wu and Carstens, 1998).  

To determine the region within LEF-3 involved in the interaction with P143, the same set 

of LEF-3 truncation mutants used to determine the nuclear localization domain were  
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Table 1. Intracellular localization of LEF-3 truncation mutants and GFP P1431 

 

                                                

1 Sf21 cells were transfected with the expression plasmid DNA and the intracellular 
localization of LEF-3 or GFP P143 was observed through fluorescence microscopy. N, 
nucleus; C, cytoplasm (Chen and Carstens, 2005). 
 

Intracellular Localization 
LEF-3 mutant 

LEF-3 alone LEF-3 + GFP P143 

LEF-3 N N 

LEF-3 (2-189) N N 

LEF-3 (2-125) N N 

LEF-3 (2-83) N C 

LEF-3 (2-83/190-385) N C 

LEF-3 (2-56/190-385) N C 

LEF-3 (84-189) C C 

LEF-3 (190-385) C C 
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tested for the ability to transport P143 into the nucleus (Chen and Carstens, 2005).  

Fluorescence probing of both proteins indicated that P143 was localized to the nucleus in 

the presence of LEF-3 constructs containing amino acids 2-125 (Table 1).  This 

interaction between LEF-3 and P143 has also been characterized using yeast two-hybrid 

analyses (Evans et al., 1999) and immunoprecipitation (Ito et al., 2004). However, the 

nature of the interaction between LEF-3 and P143 remains uncharacterized. 

This association between a SSB and helicase has been seen in other systems of 

DNA replication. In HSV-1, the helicase-primase complex of UL5/UL52/UL8, strongly 

interacts with ICP8, a SSB (Evans et al., 1999). The viral origin binding protein, UL9, 

has helicase activity and has also been shown to associate with ICP8 (Boehmer and 

Lehman, 1993). In the human papillomavirus, the E1 helicase protein also interacts with 

replication protein A, a SSB (Loo and Melendy, 2004). In some systems, it has been 

shown that helicase activity is stimulated by a SSB (Tanguy Le Gac et al., 1998). 

However, a search of the literature to date has not revealed another system in which a 

helicase must be transported to the nucleus by a SSB as seen with P143 and LEF-3. 

Although it has not yet been determined whether the interaction between P143 and LEF-3 

serves any other purpose than nuclear transport, it is very possible that this association 

plays an active role in DNA replication and late gene expression since both proteins are 

essential for those processes. LEF-3 may play a similar role in assisting P143 helicase 

activity or loading of the helicase onto DNA or replication complex.  

1.5 Experimental focus 

Attempts to define the functional domains of LEF-3 and characterize its 

interaction with other proteins have been made in an effort to better understand LEF-3‘s 
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role in baculovirus replication. From the data gathered prior to initiating these studies, it 

was hypothesized that LEF-3 has several functional domains including those responsible 

for: ss-DNA binding, oligomerization, interaction with host importin proteins for nuclear 

localization, interaction with P143, and interaction with other viral proteins such as 

alkaline nuclease and IE-1. The objective of this thesis project was to characterize the 

domains within LEF-3 essential for AcMNPV DNA replication.  The N-terminus of LEF-

3 is required for nuclear transport and interaction with P143. The domain shown to bind 

ss-DNA is large and centrally located within the protein. The C-terminus is thought to be 

involved with protein-protein and self interaction. In order for LEF-3 to participate in 

replication, it must be transported into the nucleus following synthesis in the cytoplasm. 

Since P143 is also essential to DNA replication, transport to the nucleus by LEF-3 must 

also be a prerequisite for its participation in the process.  Hence, it was hypothesized that 

both the LEF-3 nuclear localization and P143 interaction domains are essential to its 

function and characterization of these two domains will allow for a better understanding 

of LEF-3’s role in DNA replication. Many of the plasmid mutant constructs designed and 

created by Dr. Zhilin Chen were used to further uncover the functional domains of LEF-

3. 
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Chapter 2. Materials and Methods 

2.1 Cell line and cell culture techniques 

The Spodoptera frugiperda continuous cell line IPLBSF-21 (Sf21), derived from 

pupal ovaries of the fall armyworm (Vaughn et al. 1977), was maintained in TC100 

insect cell culture medium supplemented with 10% fetal calf serum (FCS) at 28°C.   

The Vero cell line, derived from the kidney epithelial cells extracted from African 

green monkey (Yasumura and Kawatika, 1963), and the human embryonic kidney (HEK) 

293 cell line (Graham et al., 1977) were maintained at 37oC in Dulbecco’s modified 

Eagles’ medium (DMEM) supplemented with 10% fetal calf serum in a 5% CO2 

environment. The FCS-supplemented TC100 media or DMEM is commonly referred to 

as complete media. 

2.2 Plasmids 

Plasmid constructs of point mutations or deletions within the N-terminal region of 

AcMNPV LEF-3 were derived from pHSEHLEF3 (Chen and Carstens, 2005) and 

constructed by Dr. Zhilin Chen. In all of these constructs, protein expression was driven 

by a Drosophila melanogaster heat shock 70 promoter (Rapp et al., 1998).  Deletions and 

point mutations within the lef-3 open reading frame were generated by PCR-fusion 

mutagenesis as described previously (Chen and Carstens, 2005). Two nested primers 

were designed to be complementary and carried two segments corresponding to flanking 

sequences upstream and downstream of the region to be mutated. Each of the primers 

was used in separate PCR reactions with upstream or downstream outside primers (C-
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22910 or C-22911). These amplicons were then mixed, denatured, and used as template 

in a third PCR amplification using only the outside primers. The final PCR products were 

digested with XbaI and NotI, and cloned into XbaI –NotI digested pHSEH so that each 

coding sequence was fused in-frame with the influenza virus hemagglutinin (HA) epitope 

and a six-histidine tag at the N terminus. All plasmids were confirmed by restriction 

enzyme digestion and nucleotide sequence analysis. 

Plasmid constructs of LEF-3/GFP fusion proteins and point deletions within 

amino acids 2-56 of AcMNPV were derived from pHSEHAcLEF3(2-56)-GFP (Chen and 

Carstens, 2005) and were also constructed by Dr. Zhilin Chen. To generate GFP fusion 

proteins, PCR was used to amplify different regions of AcMNPV lef-3 (Aclef3) or 

CfMNPV lef-3 (Cflef3). Forward primers contained a PstI site and reverse primers 

contained a SmaI site. The PCR products were digested with PstI and Smal and cloned 

into pHSEHGFP (Chen and Carstens, 2005) also digested with PstI-Smal . Site-directed 

mutagenesis within the LEF-3(2-56)GFP fusions was done using two complementary 

mutated nested primers coding for specific amino acid changes in their sequences. Each 

of the primers was used in reactions with upstream or downstream outside primers C-

22910 or C-22911. The final PCR products were digested with XbaI and NotI, and cloned 

into XbaI –NotI digested pHSEH.  

2.3 Transfections 

Sf21 cells (1x106), seeded into 35-mm dishes (with or without coverslips), were 

washed three times with 1 mL TC100 medium. A 20x stock of 

dioleolphosphotidylethanolamine (DOPE)/dimethyldioctadecylammonium (DDAB) 

liposomes was diluted with 1 mL of sterile water and mixed by vortexing. A transfection 
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mixture was prepared using 50 µL of DOPE/DDAB and 4 µg of total DNA diluted to a 

final volume of 1 mL with TC100 medium. With the transfection of a single plasmid, 2 

µg of plasmid DNA was supplemented with 2 µg of herring sperm DNA. In a co-

transfection of two plasmids, 2 µg of each plasmid DNA was used. With the co-

transfection of plasmid DNA with a bacmid, 0.5µg of bacmid DNA and 1.5 µg of 

plasmid DNA were used. The transfection mixture was mixed by inverting repeatedly 

and incubated at room temperature for 30 min. The entire mixture was then added to the 

monolayer of washed cells and incubated at 28°C for 6 hrs. After incubation, the cells 

were washed two times with TC100 medium, covered with 1.5 mL of complete TC100 

medium at 28°C for 16 – 72 hrs. In some cases, the cells were heat shocked at 42°C for 

30 min at 22 hr post transfection, and returned to 28°C (Chen and Carstens, 2005).  

Transfection of Vero or HEK293 cells followed the same protocol with DMEM 

replacing the TC100 medium and complete DMEM replacing complete TC100 medium. 

Cells were incubated at 37oC in a 5% CO2 environment instead of 28°C. 

2.4 DNA Analysis Techniques 

2.4.1 Plasmid DNA purification  

Purification of plasmid DNA used for transfections was performed using the 

reagents from a GeneJET Miniprep Purification Kit (Fermentas) following the 

manufacturer instructions. Single bacterial colonies of Escherichia coli (E. coli) 

containing the plasmid of interest were inoculated into 5 mL of Luria Bertani (LB) 

medium (1% tryptone, 1% NaCl, 0.5% yeast extract, pH7.0) containing the appropriate 

antibiotics (50µg/mL of ampicillin) and incubated at 37°C with vigorous agitation for 16-
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18 hrs. The bacterial cultures were transferred to a 1.5 mL microfuge tube and 

centrifuged at 16,000xg for 60 sec at room temperature. The supernatant was removed 

without disturbing the pellet and this step was repeated until a total of 5 mL of bacterial 

culture was pelleted in a single microfuge tube. The pelleted cells were resuspended in 

250 µL of resuspension solution (stored at 4°C) and 250 µL of lysis solution was added. 

The solution was mixed by inverting 4-6X until it was viscous and slightly clear and 350 

µL of neutralization solution was added. The solution was mixed immediately by 

inverting 4-6X. The cells were centrifuged at 12,000xg for 5 min to pellet cell debris and 

chromosomal DNA. The supernatant was transferred to a GeneJET spin column 

containing a silica membrane and centrifuged at 12,000xg for 1 min. After the 

flowthrough was discarded, 500 µL of wash solution was added to the spin column and 

centrifuged at 12,000xg for 1 min. This step was repeated again before the spin column 

was centrifuged for an additional minute to remove residual debris. The column was 

transferred to a new microfuge tube and 50 µL of elution buffer or sterile water was 

added. Following incubation of the column for 2 min at room temperature, the column 

was centrifuged at 12,000xg for 2 min and the purified plasmid DNA collected in the 

microfuge tube. 

For quantification, the DNA was diluted 50-fold in the buffer solution it is stored 

in (sterile water, elution or TE buffer) and measured using a spectrophotometer taking 

optical density (OD) readings at wavelengths of 260 and 280 nm in 10 mm light path 

quartz cuvettes. The DNA concentration was calculated with the formula: DNAµg/mL = 

OD at A260 x dilution factor (50) x 50ug/mL, where the concentration of DNA (µg/mL) 

is equal to the OD reading at 260 nm multiplied by the dilution factor multiplied by the 



   - 

  

29 

extinction coefficient, in which light at 260 nm passing 10 mm through 50µg/mL of 

double stranded DNA has an absorbance of 1.0.  

2.4.2 Agarose gel electrophoresis 

Agarose gels were prepared by dissolving 0.7-1% electrophoresis grade agarose 

in 50 mL of TAE buffer (40 mM Tris-HCl at pH8.5, 40 mM acetic acid, 1 mM EDTA). 

The concentration of agarose was dependant on the size of the DNA fragments being 

analyzed. The solution was heated at a temperature less than 100°C until the agarose was 

dissolved without the solution boiling and subsequently cooled to ~50-60°C. Once 

cooled, 2 µL of ethidium bromide (10mg/mL) was added and the solution was poured 

into the gel chamber to solidify. The DNA samples were mixed with DNA sample buffer 

(50% v/v glycerol, 1000 mM EDTA, 0.01% bromophenol blue) and brought to a total 

volume of 10 µL with sterile water. The samples were loaded into the wells within the gel 

and electrophoresed in TAE buffer at 80 – 100 mV for ~1 hr. The gels were then viewed 

with an ultraviolet transilluminator and photographed. 

2.5 DNA Cloning 

Conserved cysteines at position 82 and 106 were individually mutated within the 

full-length AcMNPV LEF-3 using PCR fusion as described previously (Chen and 

Carstens, 2005). The vector used was pHSEHAclef-3, where the N-terminally His-tagged 

LEF-3 expressed under the control of a Drosophila melangoaster heat shock protein 70 

(hsp 70) promoter. To mutate the cysteine at position 82 to alanine, the first round of 

PCR involved two reactions; one reaction using forward (F1) and reverse (R1) primers, 

C-22910 (5’- CAAACCCTTCGATTATCTCTAAC-3’) and C-30100 (5’- 
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GAAGAAGGCAAGGCCTATGACATTAG-3’), respectively, to produce a product of 

1276 bp.  Another reaction using forward (F2) and reverse (R2) primers, C-30101 (5’– 

CTAATGTCATAGGCCTTGCCTTCTTC-3’) and C-22911 (5’-

AACAGTTCACCTCCCTTTT-3’), respectively, produced a product of 953 bp.  The F1 

and R2 primers were designed to introduce a StuI restriction site (underlined). To mutate 

the cysteine at position 106 to lysine, the first round PCR includes one reaction using 

forward (F1) and reverse (R3) primers, C-22910 and C-30102 (5’- 

CAATTTCCATTTCGAGCTCTTTGTATTCG-3’), respectively, to give a 1205 bp 

product, and another with forward (F3) and reverse (R2), C-30103 (5’- 

CGAATACAAAGAGCTCGAAATGGAAATTG-3’) and C-22911, respectively, to give 

a 1027 bp product. 

In the second round of PCR, the PCR products from the two reactions in the first 

round were mixed and used as a template for the F1 (C-22910) and R2 (C-22911) 

primers, designed to incorporate an XbaI site upstream and a NotI site downstream of the 

LEF-3 ORF in the final 2204 bp product.  

PCR reactions were prepared on ice in 0.5 mL thin walled PCR tubes in 50 µL 

volumes containing 10 µL of 5X iProof buffer (Bio-Rad), 200 µM dNTP mix, 0.5 µM or 

each primer, ~10ng template DNA, 0.02 units/µL iProof DNA polymerase and sterile 

water. Reactions were run on an Eppendorf Mastercycle with the following program: 

initial denaturation of the DNA at 98°C for 30-60 sec, 30 cycles of denaturation (98°C 

for 10 sec), annealing (50°C for 30 sec), elongation (72°C for 30 sec) and a final 

extension at 72°C for 5 min. PCR products were purified to remove reagents using a 

Purelink PCR Purification Kit (Invitrogen) according to manufacturer’s instructions. If 
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necessary, the PCR products were digested with 1 µL of DpnI at 37°C for 2 hrs to 

remove template DNA. 

The 2204 bp PCR product from the two rounds of PCR was digested with XbaI 

and NotI.  Restriction endonuclease digestions were prepared on ice in 1.5 mL microfuge 

tubes in 30 µL volumes containing the appropriate REN buffer according to the 

manufacturer instructions, the DNA to be digested, at least 1 unit of the required REN per 

µg of DNA being digested and sterile water to make up the total volume if necessary. The 

digestions were incubated at the recommended temperature depending on the REN used 

for 2 hrs and the digested products were purified to remove the REN and reaction buffers 

using a Purelink PCR Purification Kit (Invitrogen) according to manufacturer’s 

instructions. The final products (1956 bp) were stored at 4°C. The PCR product or insert 

was subjected to REN digestion with the appropriate enzymes in order to create 5’ and 3’ 

ends capable of ligating with the corresponding site within the vector. 

The vector plasmid was purified using a commercial kit (Section 2.4.1) and 

subjected to REN digestion with the same enzymes as those used for preparation of the 

insert fragments. To prevent recirculization of the linearized vector, the vector DNA was 

dephosphorylated by removing any 5’ phosphate groups. The dephosphorylation reaction 

was carried out in 1.5 mL microfuge tubes in 50 µL volumes consisting of Antarctic 

Phosphatase Buffer (New England Biolabs) (50 mM Bis Tris-Propane, 1 mM MgCl2, 0.1 

mM ZnCl2, pH6.0 at 25°C), the vector DNA and at least 1 unit of Antarctic Phosphatase 

per µg of DNA being digested. The reaction was incubated at 37°C for 1 hr and the 

phosphatase inactivated at 65°C for 5 min. The dephosphorylated vector was run on a 

0.7% agarose gel without ethidium bromide (Section 2.4.2) and gel purified using a 
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Purelink Quick Gel Extraction Kit (Invitrogen) according to the manufacturer’s 

instructions. 

The 1956 bp insert was ligated into the 6028 bp XbaI- and NotI-digested vector 

pHSEHAclef-3. The ligation reaction was carried out in a total volume of 10 µL in a 1.5 

mL microfuge tube. The digested insert DNA and dephosphorylated vector DNA were 

mixed in a 3:1 molar ratio with 5 Weiss units of T4 DNA ligase (Invitrogen), DNA ligase 

reaction buffer (250 mM Tris-HCl at pH7.6, 50 mM MgCl2, 5 mM ATP, 5 mM DTT, 

25% v/v PEG 8000) and sterile water to bring volume to total of 10 µL if necessary. The 

reaction was incubated at 16°C for 16 – 18 hrs and the ligase was heat inactivated at 65°C 

for 10 min. 

The ligation products (7981 bp) were transformed into DH5α E. coli. cells. To 

prepare competent DH5α cells, a single bacterial colony was inoculated into 5 mL of LB 

medium in a glass tube and incubated at 37°C on a rotor for 16 – 18 hrs. 25 mL of LB 

medium in a 250 mL glass Erlenmeyer flask was inoculated with 1 mL of the overnight 

culture and incubated at 37°C with vigorous agitation until the cell density reached 0.4 - 

0.6 at OD600. The cell culture was incubated on ice on a shaker for 10 min. Aliquots of 

1.5 mL of the cell culture were placed in 1.5 mL polypropylene tubes and centrifuged at 

16, 000xg for 1 min. The supernatant was removed and the pellet resuspended with 500 

µL 0.1 M CaCl2. Following incubation on ice for 30 min, the resuspended cells were 

centrifuged at 16, 000xg for 1 min, supernatant discarded and the pellet was resuspended 

in 100 µL 0.1 M CaCl2. The competent Dh5α cells were stored at 4°C until 

transformation.  
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For the transformation, 2µL of the ligation reaction was added to 100 µL of 

competent DH5α cells and incubated on ice for 30 min, heat shocked at 42°C for 45 sec 

and returned to ice for 5 min. After 700 µL of LB media (warmed to room temperature) 

was added, the cells were incubated at 37°C for 45 min before being centrifuged at 600xg 

for 4 min. 100 µL of transformed cells were plated on LB agar plates (1% tryptone, 1% 

NaCl, 0.5% yeast extract, 1.5% agar, pH7.0) containing the appropriate antibiotics 

(50µg/mL ampicillin) and incubated at 37°C for 16 – 18 hrs. 

Plasmid DNA that is successfully transformed into the competent bacterial cells 

confer antibiotic resistance that allow the colonies to grow. To screen for the presence of 

the recombinant plasmid created by ligation, colonies were picked after growing at 37°C 

for 16 – 18 hrs and the plasmid DNA extracted using alkaline lysis (Section 3.4.2). 

Positive clones were identified using either StuI restriction enzyme digestion for 

pHSEHAclef-3 C82A or SacI restriction enzyme digestion for pHSEHAclef-3 C106L 

and then sequenced to confirm the incorporation of the desired point mutation. To a 

prepare frozen stock of the clone, 500 µL of the DH5α cells with the recombinant 

plasmid was mixed with 500 µL of 60% glycerol in a 1.5 mL microfuge tube and stored 

at -80°C. 

2.6 Protein Analysis Techniques 

2.6.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gels were prepared by pouring a resolving gel solution (11.25% 

acrylamide:bisacrylamide in a 30:0.8 ratio, 375 mM Tris-HCl at pH8.8, 0.1% SDS, 

0.001% ammonium persulfate (APS), 0.0008% N,N,N’,N’,-tetramethylethylenediamine 
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(TEMED) into a glass plate gel casting apparatus. A layer of isopropyl alcohol to seal the 

resolving gel solution between the glass plates as it polymerizes. Once the resolving gel 

was polymerized, the isopropyl alcohol is removed and a stacking gel solution (6% 

acrylamide:bisacrylamide in a 30:0.8 ratio, 125 mM Tris-HCl at pH8.8, 0.1% SDS, 

0.001% APS, 0.0008% TEMED) was added and a plastic comb was inserted to create 

loading wells. Once the stacking gel has polymerized, the comb was removed and the gel 

immersed in Laemmli buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) in an 

electrophoresis apparatus. The wells were flushed with Laemmli buffer to remove 

residual acrylamide and debris.  

 To prepare samples for SDS-PAGE, the transfected cells were harvested, 

transferred into 1.5 mL microfuge tubes and centrifuged at 600xg for 7 min.  The 

supernatant was discarded and the pellet gently resuspended in 1 mL of BAC-PBS.  The 

cells were centrifuged again at 600xg for 7 min and the supernatant discarded.  The 

pellets were lysed in electrophoresis sample buffer (ESB) (6.25 mM Tris-HCl at pH6.8, 

10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.001% bromophenol blue) and loaded 

onto the gel. For analyzing proteins under non-reducing conditions, the 2-

mercaptoethanol was omitted from the ESB preparation and adequate separation from 

reduced sample must be given on the gel to prevent diffusion of 2-mercaptoethanol into 

the non-reduced samples. Proteins were electrophoresed at 25 mA through the stacking 

gel and at 50 mA through the resolving gel.  

2.6.2 Western blotting 

 Following electrophoresis, the gel was removed from the apparatus and soaked in 
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western transfer buffer (25 mM Tris-HCl at pH8.3, 192 mM glycine, 0.1% SDS, 20% 

methanol) for 3 min. A sheet of Hybond C nitrocellulose membrane and two sheets of 

Whatman paper for each gel being blotted were also soaked in western transfer buffer for 

3 min. The gel and membrane were placed between the two sheets of Whatman paper, 

which was placed between two sheets of absorption padding. This was then placed in the 

electrophoretic transfer chamber filled with western transfer buffer and the gel was 

transferred at 200 mA for 2 – 3 hrs at room temperature. After the transfer, the membrane 

was stained with Ponceau stain (0.2% Ponceau S, 3% trichloroacetic acid) to visualize 

and mark the protein marker. The Ponceau stain was removed by rinsing with TBST 

buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 0.05% Tween-20).        

 Prior to antibody staining, the membrane was incubated in blocking solution (5% 

skim milk powder in TBST) for a minimum of 1 hr at room temperature or overnight at 

4°C while rocking. The blocking solution was discarded and the membrane was 

incubated with the desired primary rabbit polyclonal anti-AcMNPV LEF-3 (1:2500) 

and/or mouse monoclonal anti-AcMNPV VP39 (1:1000) and/or mouse monoclonal anti-

GFP (1:1000) diluted in blocking solution for 1 hr with rocking. After removing the 

primary antibody, the membrane was washed three times with TBST for 10 min each 

time and incubated with secondary goat anti-rabbit and/or goat anti-mouse IgG 

conjugated to horseradish peroxidase antibody diluted 1:50000 in blocking solution for 

30 min at room temperature with rocking. The membrane was again washed three times 

with TBST for 10 min intervals and developed with a chemiluminescent detection system 

(Amersham).   
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2.7 Immunofluorescence Microscopy 

At 24 hr post transfection, cells cultured on coverslips were washed with PBS and 

fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. The cells were 

washed three times with PBS and then permeabilized with 0.1% Triton X-100 in PBS 

with 1% normal goat serum (PBS/NGS) for 3 min at room temperature. Following three 

washes with PBS, the cells were blocked for 5 min in PBS/NGS and then incubated with 

a primary rabbit polyclonal anti-AcMNPV LEF-3 (1:250 dilution in PBS/NGS) antibody 

and/or mouse monoclonal anti-AcMNPV P143 antibody (1:100 dilution in PBS/NGS) 

and/or mouse monoclonal anti-HA antibody (1:100 dilution in PBS/NGS) for 1 hr at 

room temperature. Following three washes with PBS/NGS, the coverslips were incubated 

with secondary goat anti-rabbit IgG conjugated with Alexa Fluor 568 antibody and/or 

goat anti-mouse IgG conjugated with Alexa Fluor 488 antibody (1:1000 dilution in 

PBS/NGS) (Molecular Probes) for 1 hr at room temperature. Following three washes 

with PBS/NGS, the cells were stained with 1% v/v DAPI (4’, 6-diamidino-2-

phenylindole) (Molecular Probes) or Hoechst stain (2 µg/ml bisBenzimide H33342, 

Sigma) for 3 min at room temperature. Following three washes with PBS, coverslips 

were mounted on glass slides with one drop of hydromount aqueous non-fluorescing 

mounting media (National Diagnostics) and air dried for 15 min. Cells were viewed using 

a 60X oil immersion lens (NA 0.45) on a Nikon TE200 epifluorescence microscope 

equipped with a motorized stage. Images were captured and compiled with cooled CCD 

camera (Roper Scientific, Cool Snap HQ) using Metamorph software (Molecular 

Devices). For a two-dimensional deconvolution analysis of the immunofluorescence 

signal, a series of frames were acquired at specified focal planes.  The MetaMorph 
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software mathematically removed out-of-focus information from the individual planes 

using an estimated three-dimensional Point Spread Function (PSF) algorithm. 
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Chapter 3. Results 

3.1 Characterization of the nuclear localization signal (NLS) domain 

3.1.1 LEF-3 NLS domain is conserved between AcMNPV and CfMNPV 

An alignment of the N-terminal 56 amino acids of LEF-3 from twelve 

representatives of the group I Alphabaculovirus revealed a high degree of amino acid 

conservation, except for a stretch of 9 amino acids (MAMASSPKK). This region was 

conserved in AcMNPV, BmNPV (Bombyx mori nucleopolyhedrovirus), RoMNPV 

(Rachiplusia ou multiple nucleopolyhedrovirus), PlxyMNPV (Plutella xylostella multiple 

nucleopolyhedrovirus) and MaviNPV (Maruca vitrata nucleopolyhedrovirus) but not 

found in other group 1 baculovirus species including CfMNPV (Choristoneura 

fumiferana multiple nucleopolyhedrovirus ) LEF-3 (Figure 2). Because CfMNPV LEF-3 

was transported to the nucleus on its own, and was also responsible for transporting 

CfMNPV P143 to the nucleus (Chen et al., 2004), it is predicted that these nine amino 

acids were not essential for NLS function. To confirm the role of the N terminal 48 

amino acid region of CfMNPV LEF-3 (equivalent to amino acids 2-56 in AcMNPV LEF-

3) in nuclear transport, this region was fused with the GFP reporter gene 

(pHSEHCfLEF3-aa3-48-GFP) and transfected into Sf21 cells. Nuclear GFP fluorescence 

was observed (Figure 3), indicating that this region contained the CfMNPV LEF-3 NLS, 

and that the absence of the MAMASSPKK domain in this protein did not restrict nuclear 

transport. Deleting amino acids 20 to 28 from the AcMNPV LEF-3 (pHSEHAcLEF3-del 

(20-28) did not disrupt its nuclear localization, demonstrating that amino acids 20 to 28 

are also not essential for AcMNPV LEF-3 NLS function (Figure 3) . 
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Figure 2. Alignment of group 1 Alphabaculovirus LEF-3 NLS sequences 

The LEF-3 N-terminal amino acid region of 12 Alphabaculovirus species was analyzed 
by ClustalW alignment. Conserved amino acids are boxed, revealing the high degree of 
sequence conservation in this region of all of these viruses. The amino acid domain 
MAMASSPKK, which was targeted for deletion in AcMNPV, is underlined. Conserved 
AcMNPV amino acids, targeted for mutagenesis, are identified above with arrows. The 
numbers refer to the amino acids in AcMNPV LEF-3. 
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Figure 3. Intracellular localization of CfMNPV LEF-3 GFP fusion mutants  
Sf21 cells were transfected with plasmids pHSEHCfLEF3aa3-48-GFP, pHSEHAcLEF3 
or pHSEHAcLEF3del(20-28). At 24 hrs post transfection and heat shock, cells 
expressing AcMNPV LEF-3 were prepared for immunofluorescence microscopy by 
probing with polyclonal rabbit anti-AcMNPV LEF-3 (1:250) primary antibody and 
detected with goat anti-rabbit IgG conjugated with Alexa Fluor 568 (1:1000) secondary 
antibody. Cells were also stained with Hoechst to highlight the nucleus. Bright field 
images were included to reveal the whole cells. Fluorescence indicated that CfMNPV 
LEF-3 aa3-48 GFP, AcMNPV LEF-3 del aa20-28 and AcMNPV LEF-3 (positive 
control) localize to the nucleus. 
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3.1.2 Amino acids 14-37 contain the core NLS sequence 

Most known NLS sequences are between 12-16 amino acids in length and it is 

likely that transport of AcMNPV LEF-3 does not require all 56 N terminal amino acids. 

To investigate whether specific regions within the AcMNPV LEF-3 N-terminal 56 amino 

acids containing conserved basic amino acids were essential for the NLS, full-length 

LEF-3 deletion mutants were tested for their ability to localize to the nucleus of SF21 

cells. Deleting amino acids 14 to 47 or 14 to 37 of AcMNPV LEF-3 produced proteins 

that remained cytoplasmic, results that are identical to those seen when the complete 1 to 

56 amino acids region was deleted (Figure 4A). These central portions within amino 

acids 5 to 56 contain basic residues that bear similarities to mono and bipartite NLSs. 

Since amino acids 20-28 are non-essential, this result suggests that the region between 

amino acids 29-37 is required for the NLS. To determine if amino acids 14 to 19 were 

also important for nuclear localization, the subcelluar localization of AcLEF-3 mutant 

constructs with deletions from the N-terminus was tested. Deleting amino acids 1 to 5 or 

1 to 12 resulted in nuclear LEF-3 confirming their non-participation in localization to the 

nucleus, but deleting 1 to 17 or 1 to 25 caused LEF-3 signal to be diffused throughout the 

cells (Figure 4B), suggesting that important components of the NLS domain are also 

located between amino acids 13 and 17.  

A common method for experimentally confirming a sequence as a functional NLS 

motif is to fuse the region in question to a non-nuclear reporter protein to observe its 

ability to be transported into the nucleus.  Amino acids 5-56 were fused with a green 

fluorescence reporter protein, GFP and this fusion protein (positive control) localized 

completely to the nucleus (Chen and Carstens, 2005), confirming this to be the nuclear 
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Figure 4. Intracellular localization of AcMNPV LEF-3 deletion mutants in Sf21 cells 

Sf21 cells were transfected with a series of LEF-3 plasmids and prepared for 
immunofluorescence microscopy as outlined in Figure 3.  [A] Immunofluorescence 
indicated that AcMNPV LEF-3 (positive control) localized to the nucleus while 
AcMNPV LEF-3 ∆aa1-56 (negative control), AcMNPV LEF-3 ∆aa14-47 and AcMNPV 
LEF-3 ∆aa14-37 remained cytoplasmic. [B] AcMNPV LEF-3 ∆aa1-5 and AcMNPV 
LEF-3 ∆aa1-12 were localized in the nucleus similar to AcMNPV LEF-3.  Further 
deletion of amino acids from the N-terminus resulted in the disruption of nuclear 
localization as AcMNPV LEF-3 ∆aa1-17 was found diffused throughout the cell and 
AcMNPV LEF-3 ∆aa1-25 was largely seen in the cytoplasm. 
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localization domain.  In order to define a LEF-3 NLS based on the consensus sequence of 

known classical NLSs, Dr. Zhilin Chen targeted this region for further mutagenesis in 

another series of mutant constructs fused with GFP (unpublished) (Figure 5).  To 

determine the C-terminal boundary of the NLS, amino acids 48-56 or 38-56 were deleted 

(pHSEHAclef-3aa5-47GFP and pHSEHAclef-3aa5-37GFP).  To confirm the N-terminal 

boundary of the NLS, amino acids 14-37 were fused to GFP (pHSEHAclef-3aa14-

37GFP).  Elements within this central portion of the nuclear localization domain were 

needed for the NLS since the deletion of this region affected nuclear localization.  

Interestingly, if amino acids 20-28 within this region were deleted, the resulting fusion 

protein of amino acids 14-19/29-37 also resembled a monopartite NLS (pHSEHAclef-

3aa14-19/29-37GFP).  A smaller region, amino acids 26-32 (PKKIREN), also resembled 

a monopartite sequence and was also fused to GFP to determine its ability to direct 

nuclear import (pHSEHAclef-3aa26-32GFP).  With these latter GFP fusion mutants, 

increasingly larger regions of the LEF-3 opening reading were omitted in order to narrow 

the region essential for the NLS 

Expression of GFP was used a negative control.  In this case, GFP was diffuse 

throughout the cell. When amino acids 5 to 47 were fused with GFP, the fluorescent 

signal was localized to the nucleus (Figure 6A). This result was confirmed using a 

construct of CfMNPV LEF3 in which amino acids 6 to 39 (similar to AcMNPV LEF-3 

amino acids 5 to 47) were fused with GFP and tested for intracellular localization. The 

GFP signal was also predominantly nuclear supporting the conclusion that this region 

carries a NLS sequence. A pattern of strong nuclear and weak cytoplasmic signal was 

observed when constructs of AcMNPV LEF-3 amino acids 5 to 37, 14 to 37 or amino 
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Figure 5. Alignment of AcMNPV LEF-3 GFP fusion mutant amino acid sequences 

The LEF-3 regions within amino acids 5 to 56 targeted for mutagenesis and fusion with 
GFP were compared through an amino acid alignment prepared by MacVector.  Colours 
differentiate amino acid groups based on charge and the proline and basic residues are 
highlighted in green and blue, respectively.  The dashed lines represent amino acids 
which have been deleted.  The numbers above the sequences refer to the amino acids 
beginning from the N terminus of LEF-3. Amino acids 57 and onwards belong to GFP. 
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Figure 6. Intracellular localization of AcMNPV LEF-3 sequences fused to GFP  
Sf21 cells were transfected with a series of plasmids expressing amino acids within the 
LEF-3 amino acids 5 to 56 region fused with GFP. At 24 hrs post transfection, cells 
expressing AcMNPV LEF-3 were prepared for fluorescence microscopy and cell nuclei 
were stained with Hoechst. [A] LEF-3 aa5-56GFP (positive control) was localized 
completely to the nucleus while an further deletions within the region resulted in the 
detection of cytoplasmic signal of varying intensities.   GFP on its own without an NLS 
(negative control) revealed GFP signal distributed throughout the cell. A plasmid 
expressing the CfMNPV LEF-3 amino acids 6 to 39 fused with GFP was also included, 
demonstrating that this domain also carries sequences necessary for nuclear localization. 
[B] The immunofluorescence signal from the same plasmid transfections were analyzed 
using two-dimensional deconvolution. 
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acids 14 to 19 and 29 to 37 (removing the 20 to 28 nonessential region) were fused with 

GFP. The shorter region of amino acids 26 to 32 contained a stretch of basic amino acids 

that appear to be a repeat of another basic cluster within amino acids 15 to 19. Yet, when 

amino acids 26 to 32 were fused to GFP, the fluorescent signal was seen diffused 

throughout the cell with only slight accumulation in the nucleus. This pattern was more 

similar to the negative control. The steady decrease in nuclear localization of the mutant 

LEF-3 proteins as greater portions of the putative NLS were removed seem to suggest 

that while the central portion within amino acids 1 to 56 could direct nuclear import, 

additional elements may be necessary for regulation of the NLS. 

The results for amino acids 5 to 37, 14 to 37 and 14 to 19/29 to 37 fused with GFP 

showed very similar localization patterns within the cell. Under conventional 

fluorescence microscopy, it can be challenging to detect any differences in the cellular 

distribution of the various GFP fusion mutants when the fluorescence signal is very 

strong. To validate the subcellular distribution patterns initially observed, the fluorescent 

signal for each AcMNPV LEF-3-GFP mutant was obtained and analyzed using two 

dimensional deconvolution (Figure 6B). This provided a clearer indication of the 

localization of the fluorescent signal at a specific focal plane within the cell and 

eliminated signal background. Using this method, the localization of amino acids 5 to 47 

was actually similar to the positive control, with only a minute amount protein visible 

outside of the nucleus along the periphery of the cell. The localization pattern for amino 

acids 14 to 47 and 14 to 19/29 to 37 remained similar to each other but could now be 

distinguished from amino acids 5 to 37, which showed a greater accumulation of the 

protein in the nucleus and only trace amounts in the cytoplasm. Amino acids 26-32 



   - 

  

47 

exhibited an evenly distributed fluorescent signal throughout the cell without any distinct 

accumulation in the nucleus.  

This supports the hypothesis that the core LEF-3 NLS is contained within amino 

acids 14 to 37, with the flanking regions important for complete nuclear localization.  

However, amino acids 26 to 32 are not sufficient to act as NLS on their own. This also 

suggests that while amino acids 27 and 28 may act in tandem with or augment the basic 

residues at position 18 and 19, they cannot act as the AcMNPV NLS core sequences on 

their own. 

3.1.3 Point mutations of AcMNPV LEF-3 identify residues essential for nuclear 

transport 

Another approach used by Dr. Zhilin Chen to define the NLS was to target basic 

residues for mutagenesis.  Comparison of the group I Alphabaculovirus LEF-3 sequences 

revealed many conserved charged amino acids within the N-terminal 1 to 56 amino acids 

(Figure 2). To determine whether any of the conserved residues downstream of the 

central core NLS region between amino acids 14 to 37 contributed to NLS activity, a 

series of site-specific point mutations including K39A/L40S, K43I/T45A and D49I/N50I 

were introduced within a construct of AcMNPV LEF-3 amino acids 2 to 56 fused to GFP 

(Table 2). All of these mutant proteins localized to the nucleus (Figure 7). This confirmed 

the hypothesis that this region was not needed for nuclear import functions and that the 

targeted basic amino acids were not part of the core NLS. 

Conserved basic amino acids and a conserved proline within and upstream of the 

predicted core NLS region that possibly contributed to a mono or bipartite NLS  
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Table 2. LEF-3 Point Mutations in pHSEHAclef-3 and pHSEHAclef-3aa2-56GFP 

 
 

 

 

 

 

 

Original 
Plasmid 

Point 
Mutation/ 
Deletion 

Plasmid Construct 

K4E/R5G pHSEHAclef-3K4E/R5G 

K4E/R5G 
del aa20-28 pHSEHAclef-3K4E/R5Gdel20-28 

P15A pHSEHAclef-3 P15A 

P15A del 
aa20-28 pHSEHAclef-3 P15A del20-28 

K18E/R19F pHSEHAclef-3 K18E/R19F 

K18E/R19F 
del aa20-28 pHSEHAclef-3 K18E/R19F del20-28 

pHSEHAclef-3 

I29S/K34A pHSEHAclef-3 I29S/K34A 

K39A/L40S pHSEHAclef-3 (2-56) K39A/L40S-GFP 

K43I/T45A/
E51G  pHSEHAclef-3 (2-56) K43I/T45A/E51G -GFP 

pHSEHAclef-3 

aa2-56GFP 

D49A/N50I  pHSEHAclef-3 (2-56)  D49A/N50I -GFP 
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Figure 7. Intracellular localization of point mutated AcMNPV LEF-3 GFP fusion 
proteins  
Sf21 cells were transfected with plasmid pHSEHAcLEF3(2-56)-GFP, 
pHSEHAcLEF3(2-56) D49A/N50I-GFP, pHSEHAcLEF3(2-56) 
K43I/T45A/E51G-GFP, pHSEHAcLEF3(2-56) K39A/L40S-GFP, and 
pHSEHAcLEF3GFP as outlined in Figure 6. Fluorescence indicated that 
AcMNPV LEF-3 (2-56) GFP (positive control) localized to the nucleus while 
GFP (negative control) was diffuse throughout the cell. All three AcMNPV LEF-
3 NLS-GFP with various point mutations were localized to the nucleus. 
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(K4E/R5G, P15A, K18E/R19F and I29S/K34A) were targeted for mutagenesis in the 

full-length AcMNPV LEF-3 (Table 2). All of these mutant proteins localized to the 

nucleus when expressed in Sf21 cells (Figure 8A), suggesting that the conserved amino 

acids chosen for mutagenesis were not essential for this function. Since the deletion of 

amino acids 20-28 was already shown to have no effect on the nuclear localization of 

LEF-3, the remaining pair of basic amino acids at position 27 and 28 within the putative 

core NLS were not originally targeted. This pair of residues would not be present in 

CfMNPV LEF-3. A second set of constructs with point mutations (K4E/R5G, P15A and 

K18E/R19F) in AcMNPV LEF-3 with the deletion of amino acids 20 to 28 were 

transfected and in all cases, LEF-3 remained cytoplasmic (Figure 8B). The AcMNPV 

LEF-3 mutants expressed would resemble CfMNPV LEF-3 with the corresponding point 

mutations. Therefore, neither the deletion of amino acids 20 to 28 nor the point mutations 

alone destroyed the NLS function, but the combination of both dramatically affected 

nuclear transport. This strongly supports the hypothesis that the structure formed by this 

region is the key factor required for nuclear transport, and that AcMNPV LEF-3 may 

have evolved to carry a duplication of basic amino acids that can separately act as NLS 

sequences. 

3.1.4 Subcellular distribution of LEF-3 remains constant after import to the nucleus 

The molecular mass of full-length AcMNPV LEF-3 (approximately 47kDa) is 

very close to the selectivity barrier of the nuclear pore complex (NPC) of approximately 

40kDa. While the exact size exclusion limit has not been determined and will invariably 

differ between cells depending on the composition of the NPC, the use of GFP-fused  
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Figure 8. Intracellular localization of AcMNPV LEF-3 point mutations combined 
with the deletion of amino acids 20 to 28 
Sf21 cells were transfected with a series of plasmids that incorporated point mutations 
within conserved amino acids (K4R5, P15, K18R19 or I29K34) or the same point 
mutations combined with deletion of amino acids 20 to 28 as outlined in Figure 3. 
Plasmids expressing AcMNPV LEF-3 or LEF-3 with amino acids 20 to 28 deleted were 
included as positive controls and localized to the nucleus. [A] All the point mutations 
individually did not affect nuclear localization [B] Combination of the point deletions 
with the additional deletion of amino acids 20 to 28 resulted in cytoplasmic LEF-3. 
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AcMNPV LEF-3 mutants (ranging from 31-37kDa) raises the possibility that the 

incomplete nuclear localization pattern observed was either a result of diffusion in and 

out of the nucleus or the subsequent active export of LEF-3 from the nucleus following 

initial nuclear import. This makes it difficult to elucidate the efficiency of the targeting 

LEF-3 regions to act as a NLS.  

Although it was not possible to determine the size of the NPC in Sf21 cells to 

confirm that the mutants were not diffusing through, truncated AcMNPV LEF-3 

constructs containing the putative NLS and ranging in molecular weight from 12 to 

25kDa (Table 3) were expressed and found to localize exclusively to the nucleus. It has 

already been shown that CfMNPV LEF-3 amino acids 6 to 39 fused to GFP, at a 

molecular weight of 34.8kDa, was localized completely to the nucleus. This confirmed 

that the incomplete localization of the various AcMNPV LEF-3 mutants fused to GFP 

was not a factor of size but more likely a reduced efficiency in nuclear transport due to 

the deletion of regulatory elements within the NLS. 

To determine whether the NLS region of AcMNPV LEF-3 was actively exported 

from the nucleus following import, an expression time course of both amino acids 5 to 56 

and 5 to 37 fused to GFP was used to monitor the localization of the mutant proteins. 

Normally the transfected Sf21 cells were heat shocked at 22 hrs post transfection to 

enhance expression of the proteins and the fluorescent signal was observed at another 2 

hrs post heat shock (p.h.s.).  For this experiment, cells expressing LEF-3(5-57)GFP were 

observed at 2, 4, 6, 8, 10, 12 and 24 hrs p.h.s.  Fluorescence observations for LEF-3(5-56) 

GFP were only made at 12 and 24 hrs p.h.s. The localization pattern for both LEF-3 

mutants remained constant up to 24 hrs p.h.s. (Figure 9). This suggests that the 
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Table 3. Molecular weight of various mutant AcMNPV LEF-3 proteins 

 

 Mutant Construct Molecular Weight (kDa) 

AcLEF-3  47.2 

AcLEF-3 del aa20-28 46.3 

AcLEF-3 aa1-189 24.6 
AcLEF-3 

AcLEF-3 aa190-385 25.5 

AcLEF-3 aa2-56 GFP 37.1 

AcLEF-3 aa5-56 GFP 36.8 

AcLEF-3 aa5-47 GFP 35.6 

AcLEF-3 aa5-37 GFP 34.6 

AcLEF-3 aa14-37 GFP 33.7 

AcLEF-3 aa14-19/29-37 GFP 32.8 

AcLEF-3 aa26-32 GFP 31.7 

CfLEF-3aa3-48GFP 36.2 

CfLEF-3aa6-39GFP 34.8 

LEF-3 

GFP 

Fusion 

Constructs 

GFP 27.0 



   - 

  

54 

 

 

 

 

 

 

 

 

Figure 9. Expression timecourse of AcMNPV LEF-3aa5-56GFP and LEF-3aa5-
37GFP 
Sf21 cells were transfected with either pHSEHAclef-3aa5-56GFP or pHSEHAclef-3aa5-
56GFP.  At 22 hrs post transfection, the transfected cells were heat shocked at 42oC for 
30 min.  Cells transfected with pHSEHAclef-3aa5-37GFP were subsequently harvested at 
2, 4, 6, 8, 10, 12 and 24 hours post heat shock (p.h.s).  Cells transfected with 
pHSEHAclef-3aa5-56GFP were harvested only at 12 and 24 hours p.h.s.  Cells were 
prepared for fluorescence microscopy and stained with Hoechst to visualize the nucleus.  
No visible difference in the spatial phenotypes of either LEF-3 mutant was observed over 
time. 
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incomplete nuclear localization seen with amino acids 5 to 37 was not a function of time 

and the pattern of strong nuclear and weak cytoplasmic signal was not a result of 

diffusion, which would seek to create equilibrium between the two areas over time. The 

nuclear sequestering of amino acids 5 to 56 fused with GFP, even at 24 hrs p.h.s., 

confirmed that this putative NLS functions solely as an import signal. The complete 

nuclear localization of full-length LEF-3 at 24 hrs p.h.s (data not shown) also verified 

that LEF-3 does not utilize a nuclear export signal and is not shuttled between the nucleus 

and cytoplasm. 

3.1.5 LEF-3 NLS is recognized in non-insect cells 

Given that LEF-3 expressed in Sf21 cells was transported into the nucleus in the 

absence of other viral genes, it seemed clear that nuclear localization of LEF-3 was 

dependant on cellular factors. While the nuclear import pathways in this cell line have not 

been characterized, the components of the classical import pathway have been 

extensively studied in yeast and mammalian cells so it would be advantageous to study 

the trafficking of LEF-3 using these systems.  To investigate whether the LEF-3 NLS was 

able to function and be recognized by importin proteins in non-insect cells, a plasmid 

expressing the AcMNPV LEF-3 amino acids 1 to 56 fused to GFP from a chicken beta 

actin/rabbit beta-globin hybrid promoter (AG) and the human CMV-IE enhancer in 

pCAGGSAcLEF3NLS-GFP was constructed (Kong and Carstens, unpublished). When 

this plasmid was transfected into Vero cells or HEK293 cells, GFP localized exclusively 

to the nucleus (Figure 10), indicating that the group I Alphabaculovirus LEF-3 NLS is 
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probably universally recognized by conserved cellular systems in both invertebrate and 

vertebrate cells. 

3.1.6 Identification of LEF-3 interacting partners using an importin inhibitor 

Since the LEF-3 NLS functioned in both Vero and HEK293 cells, importin 

proteins that have been identified in these two cell lines can be observed for their 

potential to interact with LEF-3 through immuno-staining assays. Another method to 

characterize the cellular importin factors that are necessary for nuclear transport of LEF-3 

was to use an inhibitor that destroys importin function in the cell. Research into this 

approach revealed the Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) 

ORF 6 protein is such an inhibitor. This protein disrupts nuclear import complex 

formation by binding importin proteins, karyopherin alpha 3 and karyopherin beta 1, in 

Vero and HEK293 cells and sequesters them to the rough endoplasmic reticulum and 

Golgi membrane (Frieman et al, 2007). To determine if this system could be applied, a 

plasmid expressing HA-tagged ORF6 under the chicken AG promoter and the human 

CMV-IE enhancer was cotransfected with pCAGGSAcLEF3NLS-GFP into Vero cells. 

Preliminary results showed that the LEF-3 NLS fused to GFP remained nuclear at 24 hrs 

post transfection (Figure 11).  However, using either our rabbit or mouse anti-HA 

primary antibodies failed to detect SARS ORF6 when transfected on its own (positive 

control) or when cotransfected with LEF-3 (images not recorded). It remains unclear if 

this was due to lack of SARS ORF6 expression or an inability of the antibody used to 

detect the protein.
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Figure 10. Expression of AcMNPV LEF-3 NLS-GFP in mammalian cells 

Vero and HEK293 cells were transfected with plasmid pCAGGSAcLEF3NLS-GFP 
expressing LEF-3aa5-56GFP and prepared for fluorescence microscopy as outlined in 
Figure 6.  In both cell lines, LEF-3 was localized to the nucleus indicating that the 
AcMNPV LEF-3 NLS was functioning in the cell. 
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Figure 11. Intracellular localization of AcMNPV LEF-3 NLS-GFP in the presence of 
SARS CoV ORF 6 in Vero cells 
Vero cells were co-transfected with plasmids pCAGGSAclef-3NLS-GFP and 
pCAGGSorf6.  At 24 hrs post transfection and heat shock, cells expressing SARS ORF6 
were prepared for immunofluorescence microscopy by probing with monoclonal mouse 
anti-HA (1:100) primary antibody and detected with goat anti-mouse IgG conjugated 
with Alexa Fluor 568 (1:1000) secondary antibody. Cells expressing AcMNPV LEF-3 
were prepared for fluorescence microscopy.  All cells were stained with Hoechst to 
highlight the nucleus. No rhodamine signal was detected for SARS ORF6 expression and 
fluorescence indicated that LEF-3NLSGFP was localized to the nucleus. 
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3.2 Characterization of the LEF-3 domain involved in P143 interaction 

The domain of AcMNPV LEF-3 responsible for localizing P143 to the nucleus is 

located within amino acids 2 to 125 which include the NLS sequence. Previous 

experimental data have shown that amino acids 2 to 83 are not sufficient for this activity 

(Chen and Carstens, 2005), suggesting that elements within amino acids 84-125 are 

essential for P143 interaction. While LEF-3 is capable of self-localization to the nucleus, 

P143 remains cytoplasmic and requires a chaperone. It is likely that the interaction 

between the two proteins requires the recognition of a structural domain and that the 

tertiary structure formed within the domain might be essential for LEF-3 and P143 

interaction. Cysteines can form disulfide bonds leading to specific tertiary structures. 

From the alignment of the baculovirus group 1 Alphabaculovirus LEF-3 sequences, it 

was found that there were only four cysteines within the protein that were conserved 

between all species. Two of the conserved cysteine residues in AcMNPV LEF-3 are 

located at positions 82 and 106 (Figure 12), suggesting that they may be important for 

LEF-3 function. While the cysteine residues were not predicted to contribute to a nuclear 

localization signal (NLS), it was possible that they were involved in disulfide bonding 

necessary for the tertiary structure of the protein.  The formation of these specific tertiary 

structures through disulfide bonding might play a role in LEF-3/P143 interaction. To test 

this hypothesis, the two cysteines were targeted for site-directed mutagenesis. 

3.2.1 Determining the role of LEF-3 cysteines 

When plasmids expressing either mutant, AcMNPV LEF-3 C82A or C106L, were 

transfected into Sf21 cells, LEF-3 was nuclear (Figure 13A).  This confirmed that the 

mutations did not affect LEF-3 expression and that the cysteines were not required for 
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Figure 12. Alignment of group 1 Alphabaculovirus LEF-3 N-terminal amino acid 
sequences 
The LEF-3 N-terminal amino acid regions of 12 Alphabaculovirus species were 
compared in a sequence alignment prepared by MacVector.  The two conserved cysteines 
within this region are highlighted with *.  The nuclear localization domain (green line) 
and the P143 interacting domain (purple line) are indicated on top of the alignment. The 
C-terminus boundary of putative NLS and P143 interacting amino acid regions are 
identified above with arrows.  Colours differentiate amino acid groups and the basic 
residues are highlighted in blue.  The dashed lines represent amino acids which have been 
deleted.   
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Figure 13. Effect of mutating AcMNPV LEF-3 cysteine residues on nuclear 
localization and P143 transport 
Plasmids expressing LEF-3 point mutations C82A or C106L were transfected into Sf21 
cells as outlined in Figure 6.  [A] In both C82A and C106L transfected cells, the mutant 
LEF-3 was nuclear.  Controls of intact AcMNPV LEF-3 (nuclear), LEF-3 minus amino 
acids 1 to 56 (cytoplasmic), and AcMNPV P143 fused with GFP on its own 
(cytoplasmic) were included.  [B] The plasmid pHSEHAclef-3 C82A or C103L was co-
transfected with a plasmid expressing AcMNPV P143 fused to GFP. LEF-3 was detected 
by immunofluorescence and GFP-tagged P143 was detected by fluorescence. Like the 
positive control of LEF-3 co-expressed with GFPP143, both mutants were capable of 
transporting P143 to the nucleus. 
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nuclear localization. This was expected since the putative NLS domain within amino 

acids 5 to 56 was not altered. To determine if the cysteine residues were necessary for 

interaction with P143, plasmids expressing either mutant were cotransfected with a 

plasmid (pHSEHAclef-3NLSP143GFP) expressing AcMNPV P143 fused with GFP 

(Chen and Carstens, 2005). The GFP signal was nuclear indicating that P143 was 

transported into the nucleus.  Therefore, the results indicated that the two cysteine 

residues were individually not essential for the interaction of LEF-3 with P143 (Figure 

13B).  

These two conserved cysteines were targeted based on the hypothesis that they 

were involved in disulfide bonds that were necessary for tertiary structure. To determine 

if the formation of disulfide bridges within LEF-3 was necessary for its tertiary structure, 

the protein was analyzed by non-reducing one dimensional gel electrophoresis. With 

traditional SDS-PAGE, reducing agents are added to samples in order to denature the 

protein. Under non-reducing conditions, the protein remains in its native form and any 

disulfide bonds within the protein would be preserved, allowing for a pattern comparison 

of the native and reduced LEF-3. Following immunoblotting for LEF-3, no visible 

difference between the native and reduced protein was observed (Figure 14), suggesting 

that disulfide bonds do not contribute to the tertiary structure of LEF-3. 

 To further confirm that these two conserved LEF-3 cysteine residues were not 

functionally significant, the mutants were tested for their ability to rescue the function of 

the AcLEF-3 knockout bacmid (bAclef3-KO-polh). Detection of VP39 expression in this 

functional assay (Figure 15) confirmed that neither cysteine at position 82 or 106 were of 

importance for late gene expression or replication.



   - 

  

63 

 

 

 

 

 

 

 

 

 

 

Figure 14. Comparison of AcMNPV LEF-3 under reducing and non-reducing 
conditions 
Two sets of Sf21 cells expressing AcMNPV LEF-3 (pHSEHAclef-3) were harvested at 
24 hrs post transfection and analyzed by SDS-PAGE.  LEF-3 samples under reducing 
conditions were prepared for SDS PAGE under the traditional method.  LEF-3 samples 
under non-reducing conditions were prepared with electrophoresis sample buffer (ESB) 
without 2-mercptoethanol.  Three lanes loaded with ESB (without 2-mercptoethanol) 
were left between the reduced and non-reduced samples.  Immunoblotting with a 
polyclonal rabbit anti-LEF-3 antibody (1:2500)  and a secondary goat anti rabbit HRP 
secondary antibody (1:50,000) revealed bands at ~47kDa with no obvious difference in 
the running pattern of the reduced and non-reduced samples. 
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Figure 15. Detection of late gene expression in Sf21 cells co-transfected with 
AcMNPV LEF-3 cysteine point mutants and an AcMNPV LEF-3 knockout bacmid. 
Sf21 cells were transfected with the AcMNPV knockout bacmid (bAclef3-KO-polh) on 
its own (negative control) or co-transfected with pHSEHAclef3 (positive control), 
pHSEHAclef3 C82A or pHSEHAclef3 C106L.  Cells were harvested at 72 hrs post 
transfection and cell lysates were analyzed by immunoblotting using a monoclonal 
primary antibody directed against the late gene product, VP39 (1:1000) and goat anti-
mouse HRP secondary antibody (1:50,000) .  VP39 was not detected with bAclef3-KO-
polh on its own but was seen in the cells expressing LEF-3 C82A and LEF-3 C106L. 
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3.2.2 Identifying regions essential for P143 interaction 

Since the conserved cysteines within the amino acids 1 to 125 proved to have no 

role in LEF-3 function, the elements within this domain necessary for P143 interaction 

still needed to be identified through an alternative approach. To date, an interaction 

between the two replication proteins was visually determined by immunofluorescence 

when the otherwise cytoplasmic P143 was localized to the nucleus by the self-localizing 

LEF-3. In attempting to narrow down the domain essential for P143 interaction, this 

requirement restricted the LEF-3 regions that could be targeted for mutagenesis to those 

that did not affect nuclear localization. 

 It was previously shown that when the LEF-3 NLS domain (amino acids 1 to 56) 

was fused in-frame with P143, P143 localized on its own to the nucleus (Chen and 

Carstens, 2005). This observation was used in an experimental model to examine the 

ability of P143 to interact with LEF-3, reasoning that if there was a direct interaction 

between LEF-3 and P143, then any construct of LEF-3 unable to self-localize to the 

nucleus but expressing the domain required for P143 interaction would still translocate to 

the nucleus along with P143. To test this, plasmids expressing AcMNPV LEF-3 with the 

NLS deleted (pHSEHAcLEF3∆1-56) were cotransfected with P143 carrying the LEF 

NLS at the N-terminal [pHSEH-(1-56)P143] into Sf21 cells and the localization of LEF-3 

and P143 was investigated by immuno-staining and fluorescence microscopy. As 

expected, P143 was found in the nucleus of co-transfected cells. However, even in the 

presence of nuclear P143, LEF-3 remained cytoplasmic when amino acids 1 to 56 were 

deleted (Figure 16A). It was possible that the deletion of amino acids 1 to 56 was too 

large a region to remove without significantly altering the structure of the protein so 



   - 

  

66 

 

 

 

 

 

 

 

 

 

 

Figure 16. Interaction between AcMNPV LEF-3 deletion mutants and LEF-
NLSP143 
Sf21 cells were co-transfected with plasmids carrying deletions within the LEF-3 N-
terminal region and a plasmid expressing P143 fused with LEF-3 amino acids 1 to 56 as 
outlined in Figure 6. P143 was visualized by probing with a monoclonal mouse anti-P143 
(1:100) antibody and detected with goat anti-rabbit IgG conjugated with Alexa Fluor 488. 
[A] Deletion of amino acids 1-56, 14-47 or 14-37 resulted in cytoplasmic LEF-3, while 
P143 was nuclear. [B] The immunofluorescence signal from the same plasmid 
transfections were analyzed using two-dimensional deconvolution. 
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mutants with smaller deletions of amino acids 14 to 47 or 14 to 37 were tested. Both 

these mutant LEF-3 remained cytoplasmic and were not translocated to the nucleus by 

P143 (Figure 16A). These immunofluorescence results were further confirmed by two 

dimensional deconvolution of the fluorescent signal (Figure 16B). 

 Because the deletion mutants might have removed essential components for LEF-

3/P143 interactions, various LEF-3 point mutant constructs unable to localize to the 

nucleus because of amino acid substitutions (K4E/R5G, P15A, or K18E/R19F) combined 

with the deletion of amino acids 20-28 were also tested (pHSEHAclef-3K4E/R5Gdel20-

28, pHSEHAclef-P15Adel20-28, or pHSEHAclef-3K18E/R19Fdel20-28). However, all 

of the mutant LEF-3 proteins remained cytoplasmic (Figure 17). To prove that this was 

not due to either the deletion of amino acids 20-28 nor the specific amino acids 

substitutions, LEF-3∆20-28 and the LEF-3 point mutants (normally nuclear) were 

cotransfected with AcMNPV P143 (pHSEHAcP143) and were able to transport P143 into 

the nucleus of Sf21 cells (Figure 18). Therefore, it is apparent that in addition to 

sequences between amino acids 83 to 125, a fully functional NLS within LEF-3 is 

essential for its ability to interact with and transport P143 to the nucleus. 

3.3 Identification of the AcMNPV LEF-3 domain essential for late gene expression 

In addition to the domains that have been identified to be responsible for nuclear 

localization and P143 interaction (aa1-125) (Chen and Carstens, 2005), LEF-3 also has 

regions involved in binding to single-stranded DNA (aa28-326), oligomerization (C 

terminal) (Mikhailov et al., 2006) and interaction with alkaline nuclease (unidentified 

domain). However, which domain(s) are essential for gene expression and DNA 

replication remains unknown. Previous results have shown that AcLEF-3 does not 
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Figure 17. Interaction between AcMNPV LEF-3 point mutant with the deletion of 
amino acids 20-28 and LEF-NLSP143 
Sf21 cells were co-transfected with plasmids carrying point mutations and the deletion of 
amino acids 20 to 28 within the LEF-3 N-terminal region and a plasmid expressing P143 
fused with LEF-3 amino acids 1 to 56 as outlined in Figure 16.  LEF-3NLSGFP localized 
to the nucleus on its own. Mutation of amino acids K4R5, P15 or K18R19 from LEF-3 
together with deletion of LEF-3 amino acids 20 to 28 resulted in cytoplasmic LEF-3, 
while P143 was nuclear. 
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Figure 18. Interaction between AcMNPV LEF-3 point mutant and P143 

Sf21 cells were co-transfected with plasmids carrying solely the point mutations at K4R5, 
P15, K18R19 or I29K34 as outlined in Figure 16.  Both LEF-3 and LEF-3∆20-28 
(positive controls) localize with P143 to the nucleus but P143 on its own (negative 
control) remained cytoplasmic.  LEF-3 with point mutations at K4R5, P15, and K18R19 
appear in the nucleus along with P143. 
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function solely for the transport of AcP143 in transient DNA replication assays (Chen 

and Carstens, 2005) and must carry additional functions in DNA replication and late gene 

expression that have yet to be characterized. In order for LEF-3 to participate in DNA 

replication and transcription, it must be transported to the nucleus following synthesis 

indicating that the nuclear localization domain is essential for its function. If LEF-3 

functions as a component of the replicon, the domain involved in association with ssDNA 

is likely also required.   

Previous research on AcMNPV replication has relied on transient replication 

assays, a system where a set of viral genes is expressed transiently from different 

plasmids transfected into insect cells.  The expression of these genes leads to the 

stimulation of DNA replication. This method allows for the targeted withdrawal of each 

gene to determine if it is essential for replication. In theory, the same approach could be 

used to determine essential regions of LEF-3. However, there have been inconsistencies 

between the results obtained from different replication assays (Kool et al., 1994; Lu and 

Miller, 1995). Although it was not identified in transient replication assays, LEF-11 was 

discovered to be essential for AcMNPV replication through the use of bacmid technology 

(Lin and Blissard, 2002).  The bacmid expression system provides an alternative method 

for deleting essential genes from the AcMNPV genome by using a recombinant 

baculovirus shuttle vector that is able to replicate in E.coli as a plasmid and infect 

susceptible lepidopteran insect cells through the incorporation of origins of replication for 

both eukaryotic and prokaryotic cells (Luckow et al. 1993). This system is also a solution 

to the difficulty of removing essential regulatory genes from the viral genome in insect 

cells when they are needed for replication by allowing for their manipulation in the 
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baculovirus genome under the expression of E.coli. The AcMNPV LEF-3 knockout 

bacmid (bAclef3-KO-polh) was constructed by Dr. Mei Yu in which the LEF-3 gene was 

removed from the baculovirus genome and replaced with a chloramphenicol 

acetyltransferase (CAT) gene for screening purposes.  Transfection of the bacmid on its 

own in Sf21 cells did not result in viral replication, confirming that LEF-3 is an essential 

factor (Yu and Carstens, unpublished data).  This provides a useful tool to investigate the 

effect of mutagenesis of LEF-3 on its function. 

To determine the regions of LEF-3 involved in late gene expression, various 

truncated AcLEF-3 mutants were tested for their ability to rescue the function of an 

AcLEF-3 knockout bacmid, which is unable to express the late gene product, VP39, 

when transfected into Sf21 cells. To define the region within AcLEF-3 sufficient for late 

gene expression, the LEF-3 truncation mutants (Figure 1) were tested for their ability to 

function in lieu of full-length LEF-3. Full-length, unaltered AcLEF-3 (pHSEHAclef3) 

was co-transfected with the knockout bacmid in Sf21 cells and the cells were harvested at 

72 hrs post-transfection. Western blotting of the cell extracts revealed the presence of 

VP39, a 39kDa protein (Figure 19). This confirmed that full-length LEF-3 was able to 

rescue late gene expression. The reason for the observed doublet remains unclear but this 

pattern is consistent with that seen in cells transfected with the wildtype AcMNPV 

bacmid. The constructs containing amino acids 2-125 (AcLEF-3aa2-189, AcLEF-3aa2-

125, and AcLEF-3aa2-125/190-385) but not 190-385 were able to rescue late gene 

expression (VP39) (Figure 19), suggesting that amino acids 2-125 within AcLEF-3 are 

sufficient for transcription activation. To further define this region, mutants with 

deletions at the N-terminus were tested Deleting amino acids 1-5 or 1-12 did 
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Figure 19. Detection of late gene expression in Sf21 cells co-transfected with 
AcMNPV LEF-3 truncation mutants and an AcMNPV LEF-3 knockout bacmid. 
Sf21 cells were transfected with wildtype AcMNPV bacmid, the AcMNPV knockout 
bacmid (bAclef3-KO-polh) or co-transfected with bAclef3-KO-polh and either 
pHSEHAclef3, pHSEHAclef3aa2-189, pHSEHAclef3aa2-125, pHSEHAclef3aa2-83, 
pHSEHAclef3aa190-385, pHSEHAclef3aa2-125/190-385, pHSEHAclef3aa2-83/190-385 
or pHSEHAclef3aa2-56/190-385.  Cells were harvested at 72 hrs post-transfection and 
cell lysates were analyzed by immunoblotting using a monoclonal primary antibody 
directed against the late gene product, VP39 (1:1000) and a secondary goat anti-mouse 
HRP antibody (1:50,000) .  VP39 was not detected with bAclef3-KO-polh (negative 
control), but was detected with the wildtype AcMNPV bacmid (positive control) and with 
the LEF-3 truncated constructs containing amino acids 2 to 125. A doublet can be seen 
for the wildtype bacmid and for the knockout bacmid co-transfected with AcMPNV LEF-
3. VP39 is the upper band .  In the other samples, VP39 is seen as a single band. 
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not inhibit VP39 expression but deleting of amino acids 1-17 resulted in lower levels of 

VP39 expression while the deletion of amino acids 1-25 resulted in no expression of 

VP39 (Figure 20). This suggests that amino acids 1-12 are not essential for late gene 

expression. These results were further confirmed by the detection of polyhedra, a very 

late gene product, in the cells using light microscopy (Table 4). Amino acids 13-125 

contain the putative NLS (aa5-56), P143 interacting domain (aa1-125) and also 

encompass one of the two predicted single-stranded DNA binding domains, supporting 

the hypothesis that these LEF-3 functions play a role in baculovirus late gene expression 

and replication. 
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Figure 20. Detection of late gene expression in Sf21 cells co-transfected with 
AcMNPV LEF-3 truncation mutants and an AcMNPV LEF-3 knockout bacmid. 
Sf21 cells were co-transfected with bAclef3-KO-polh and a series of LEF-3 mutants with 
deletions in the N-terminal region as outlined in Figure 19.  Sequential deletion of the N-
terminal resulted in decreasing levels of VP39 compared to unaltered LEF-3 with no 
VP39 detected with the deletion of amino acids 1 to 25. 



 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



   - 

  

75 

Table 4. Polyhedra detection in co-transfection of LEF-3 knockout bacmid and truncated 
mutants2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                

2 Sf21 cells were co-transfected with bAclef-3-KO-polh and various LEF-3 truncated mutant plasmid 
DNA.  Following heat shock at 22hrs post transfection, cells were observed at 72hrs post transfection under 
a light microscope for the presence of polyhedra. +, less than 5% of cells; ++, 5-10% of cells, +++, 10-20% 
of cells showing polyhedral. 

Mutant Constructs Polyhedra 

bAcMNPV +++ 

bAcLEF-3-KO-polh - 

bAcLEF-3-KO-polh + Aclef3   ++ 

bAcLEF-3-KO-polh + Aclef3 N ++ 

bAcLEF-3-KO-polh + Aclef3 aa2-125 ++ 

bAcLEF-3-KO-polh + Aclef3 aa2-83 - 

bAcLEF-3-KO-polh + Aclef3 C - 

bAcLEF-3-KO-polh + Aclef3 aa2-125/190-385 + 

bAcLEF-3-KO-polh + Aclef3 aa2-83/190-385 - 

bAcLEF-3-KO-polh + Aclef3 aa2-55/190-385 - 

bAcLEF-3-KO-polh + Aclef3 ∆aa1-5 ++ 

bAcLEF-3-KO-polh + Aclef3 ∆aa1-12 ++ 

bAcLEF-3-KO-polh + Aclef3 ∆aa1-17 + 

bAcLEF-3-KO-polh + Aclef3 ∆aa1-25 
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Chapter 4. Discussion 

In the prototype baculovirus, AcMNPV, seven proteins (IE-1, DNA polymerase, 

P143, LEF-1, LEF-2, LEF-3 and LEF-11) have been shown to be essential for AcMNPV 

DNA replication (Kool et al., 1994; Lu and Miller, 1995; Lin and Blissard, 2002)). 

Several of these proteins, classified as late expression factors (LEFs), are subsequently 

necessary for activating transcription of late genes. In this project, LEF-3 (382 amino 

acid, 45kDa), a multi-functional single-stranded DNA binding protein, was studied. In 

addition to the region involved in binding to single-stranded DNA (amino acids 28 - 

326), LEF-3 has been shown to have domains responsible for oligomerization (C 

terminal), nuclear localization (amino acids 1 - 56) and interaction with other viral 

proteins including P143 (amino acid 1-125) and alkaline nuclease (unknown). It is 

unclear how each of these domains contributes to LEF-3 function in replication and late 

gene expression. Based on its properties and identified interactions with other proteins, 

LEF-3 likely functions as a component of the replisome by binding to exposed ss-DNA 

and recruiting other essential proteins to the site of DNA replication. By narrowing down 

the regions within the protein that are essential for some of these properties, it will be 

possible to identify and correlate the functional domains within those regions. This would 

provide insight on what processes LEF-3 undergoes to participate in replication and late 

gene expression. Since the known functional domains are located throughout the protein, 

it is predicted that the deletion of any region will cause a significant disruption to 

structure of AcLEF-3, thus affecting its ability to function normally. Hence, all functional 

domains are likely essential for LEF-3 function in DNA replication and late gene 

expression. 
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Typically, DNA replication is accompanied by the recruitment of proteins from 

the cytoplasm to the nucleus where replication occurs. Specific intracellular trafficking of 

proteins into the nucleus of eukaryotic cells is an important mechanism for gene 

regulation and for correct formation of protein complexes during DNA replication. In the 

classical nuclear transport pathway, the NLS must interact with various cellular import 

and export carrier proteins in order to translocate through the nuclear pore complex 

(NPC). The two main proteins in this import system are importin α, an adaptor, and 

importin β, a transport factor (Goldfarb et al., 2004; Lange et al., 2007). Importin α 

contains the NLS binding sites that interact and recognize the cargo protein destined for 

the nucleus. It in turn binds to importin β, a protein responsible for shuttling the protein 

complex into the nucleus through direct interactions with the NPC. Structural analysis of 

importin α reveals two functional domains, a N-terminal importin-β binding (IBB) 

domain and a large, curved NLS binding domain consisting of ten armadillo (ARM) 

repeats, each composed of three α helices. These ARM motifs form a long configuration 

that allows for the binding of both monopartite and bipartite NLS motifs (Conti and 

Kuriyan, 2000). The different binding sites also make it possible for multiple regions of a 

NLS to interact with importin α, thus relaxing the requirements for target recognition and 

allowing one importin to facilitate the transport of several different cargo proteins.  

By deleting various regions within LEF-3, the core NLS was identified to be 

within amino acids 14 to 37. This was confirmed by the nuclear localization of the core 

NLS fused with a reporter protein, GFP. This stretch of 24 amino acids does not appear to 

fit into the well-defined consensus of the monopartite or bipartite NLS. However, the 

importin binding site is flexible as long as general features such as charge, 
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hydrophobicity and spacing of the key residues are compatible. The basic amino acids 

making up the NLS are crucial for its interaction with importin. Contained within this 

core NLS region of AcMNPV is a domain, MAMASSPKK, that is present in the LEF-3 

homologues of RoMNPV, BmNPV, PlxyMNPV and MaviNPV, but are absent from the 

remaining group 1 Alphabaculoviruses. When amino acids 20 to 28 were deleted from 

AcMNPV LEF-3, the protein still localized to the nucleus demonstrating that this region 

was not essential for nuclear localization. This was confirmed by demonstrating that the 

NLS region of CfMNPV LEF-3, which does not include these basic amino acids, 

localized to the nucleus. It was interesting to find a cluster of amino acids very similar to 

the consensus sequence for a classical monopartite within this region. However, this 

cluster, which was incorporated in the mutant LEF-3(26-32)GFP, was not able to support 

nuclear localization on its own.  

AcMNPV LEF-3 contains several other pairs of conserved basic amino acids that 

could function as binding sites including K4R5, K18R19, K27K28, and K34R35 in the 

N-terminal 56 amino acid region. Mutagenesis of one pair at a time did not destroy the 

NLS. Since the residues (PKK) at position 26 - 28 appear only in AcMNPV (and 

homologues of RoMNPV, BmNPV, PlxyMNPV and MaviNPV), it was possible that this 

cluster was functionally compensating for a pair of basic amino acids that were mutated. 

This hypothesis was tested by mutating K4R5 or K18R19 in addition to removing amino 

acids 20-28. These mutants of AcMNPV LEF-3 were not able to localize to the nucleus. 

This indicates that the while the basic cluster from amino acids 26-28 is not essential for 

nuclear localization of AcMNPV LEF-3, they can act in tandem with other basic residues 

to function as an NLS.  Since CfMNPV LEF-3 does not have the basic cluster from 



   - 

  

79 

amino acids 26-28, it must rely on the other conserved pairs of basic residues for NLS 

function and it would be interesting target those amino acids for mutagenesis. 

These results suggest that the viruses expressing a protein similar to AcMNPV 

LEF-3 have evolved a novel NLS that may better interact with the host importin 

machinery. Crystallography studies on the mechanism of NLS binding to importin α 

show that there are two sites for NLS binding, with the large basic cluster of monopartite 

and bipartite NLS binding to the major site and the smaller basic cluster of the bipartite 

binding to the minor site (Fontes et al., 2003). Hence, a bipartite NLS can compensate for 

less efficient binding of its basic cluster at either site by binding to both.  It is possible 

that AcMNPV LEF-3 has developed a duplication of a core NLS sequence to give it 

additional basic residues for a stronger interaction with importin.  This increased binding 

efficiency may lead to more efficient transport of LEF-3 to the nucleus and subsequent 

increased replication efficiency. This enhancement of transport efficiency may be in the 

rate of transport, strength of interaction with importins, with P143, or the flexibility of 

binding to multiple import factors.  In the situation where a pair of basic residues was 

mutated in addition to amino acids 20-28, more than one cluster of basic residues was 

removed and LEF-3 was left with insufficient contacts for binding. The purpose of 

combining the two mutations was to generate a construct that would be similar to type 1 

NPVs without the nine amino acid region. These results suggest that if the same point 

mutations were made in CfMNPV LEF-3, NLS function would be destroyed since it has 

no means of rescuing function.  

It is possible that AcMNPV LEF-3 has evolved to incorporate multiple binding 

sites and uses both a mono and bipartite NLS to increase its binding efficiency to carrier 
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proteins with less specificity. Greater affinity for a range of carrier proteins would allow 

for higher amounts of protein to be targeted to the nucleus. The unconventional length of 

the LEF-3 NLS and its use of numerous basic residues may allow the sequence to 

associate with importins in alternative binding modes, giving the same peptide access to 

importins to which it might not normally bind (Fontes et al., 2000). This may be an 

important factor in the wide host range of AcMNPV. 

Since phosphorylation of serine or threonine sites adjacent to NLS regions has 

been implicated in the function of NLS (Jans et al., 2000), an upstream serine rich region 

was included in a construct comprised of amino acids 5-37 fused with GFP 

(pHSEHAclef3(5-37)-GFP). Fluorescence detection of this fusion protein in Sf21 cells 

showed similar incomplete nuclear localization as seen with both AcLEF-3(14-19/29-

37)GFP and AcLEF-3(14-37)GFP. Potential downstream phosphorylation sites were 

included in a construct with amino acids 5-47 fused with GFP (pHSEHAclef3(5-47)-

GFP). This fusion protein appeared to localize predominately in the nucleus, in 

significantly larger amounts than the previously described mutants, although trace 

amounts of fluorescence were still detected in the cytoplasm. The region of amino acids 

38-47 includes two serine and one threonine residue that could be phosphorylation sites. 

Combined with the N-terminal deletion data, these results would suggest that the efficient 

functioning of the NLS of AcMNPV LEF-3 requires the N-terminal region of amino 

acids 13-56 with amino acids 38-56 possibly involved in the regulation of nuclear 

transport. Amino acids 48-56 contain a threonine residue and several tyrosine residues 

that are conserved between AcMNPV and CfMNPV LEF-3 and these may also act as 

phosphorylation sites. This suggests the presence of regulatory elements outside of the 
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essential amino acids for the NLS that are required for enhancing the efficiency of 

nuclear import. The presence of conserved serine, threonine and tyrosine residues within 

amino acids 38-56 suggest the possibility of regulation by phosphorylation. 

In addition to encompassing the nuclear localization domain, amino acids 2-125 

also includes the region necessary for interaction with P143. Previously, an interaction 

between the two proteins was inferred by the nuclear import of P143 in the presence of 

LEF-3. By expressing P143 in the presence of various LEF-3 truncation mutants, it was 

determined that amino acids 2-125 of LEF-3 was sufficient for nuclear localization of 

P143 while amino acids 2 – 83 were not. However, this does not necessarily prove a 

direct interaction between the two proteins. A reciprocal nuclear transport assay was used 

to test for a direct interaction. In this system, an engineered copy of P143 carrying the 

LEF-3 NLS (Chen and Carstens, 2005) was used to test for direct interaction with NLS-

deleted LEF-3. Since P143 was now able to localize to the nucleus on its own, an 

interaction with LEF-3 would allow P143 to transport LEF-3 to the nucleus. However, 

none of the LEF-3 constructs tested were transported into the nucleus in the absence of 

the core NLS, even though P143 was completely nuclear. This suggests that a fully 

functional NLS coupled with elements within amino acids 83-125 are essential for 

transporting P143 to the nucleus. A possible model for this dependence on the NLS is 

that LEF-3 undergoes a conformational change once it is recognized by an importin 

protein that allows it to subsequently bind to P143. It is also possible that cellular factors 

are required for an association between LEF-3 and P143 since interactions between the 

two proteins were previously demonstrated by co-elution of P143 and LEF-3 from 

ssDNA-affinity columns loaded with infected cell extracts (Evans et al., 1999; Wu and 
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Carstens, 1998) and by a yeast two-hybrid screen (Evans et al., 1999). Neither 

experiments give definitive evidence of a direct interaction. It is possible that a direct 

binding between P143 and LEF-3 does not occur but that LEF-3 mediates the nuclear 

entry of P143 in trans. This hypothesis gives rise to the possibility that P143 is localized 

to the nucleus through a direct interaction with a cellular factor bound to LEF-3.  Since 

P143 alone is not localized to the nucleus, it is unlikely that this cellular factor is the 

importin α bound to LEF-3.  It is possible that P143 is bound to importin β which 

associates with importin α in order to transport LEF-3 to the nucleus.  In such a system, 

the association of the transport factors would lead to the appearance of an interaction 

between LEF-3 and P143. 

Previous results have shown that LEF-3 does not function solely for the transport 

of AcMNPV P143 since a fusion of LEF-3 NLS to P143 produced a functional P143 

which localized to the nucleus in the absence of LEF-3, but which was not sufficient to 

support DNA replication in transient assays (Chen and Carstens, 2005). This strongly 

suggests that LEF-3 has other functions in addition to transport of P143. It is believed 

that LEF-3 is a component of and may be necessary for the assembly of the replisome. 

This theory is supported by the interaction of LEF-3 with other LEFs (Ito et al., 2004). 

For this reason, it was expected that the NLS and P143 interacting domain would not be 

sufficient for late gene expression. The AcMNPV LEF-3 knockout bacmid provided a 

useful tool for determining the regions of LEF-3 essential for late gene expression.  Co-

transfection of this bacmid with a plasmid expressing AcMNPV LEF-3 resulted in the 

rescue of late and very late gene expression. When mutants constructs containing various 

truncations of LEF-3 were co-transfected with bAclef3-KO-polh, all those which 
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incorporated amino acids 2 – 125 with LEF-3 were able to rescue function as 

demonstrated by the detection of both VP39 and polyhedra.  

These results not only suggest that amino acids 2-125 are sufficient for late gene 

expression, but that the functions predicted to map to domains in the C-terminus, 

including interaction with alkaline nuclease, oligomerization and possibly ss-DNA 

binding, are not required for DNA replication.  The N-terminal amino acids 2 - 125 

contain the putative NLS and P143 interacting domains and one of the two predicted 

single-stranded DNA binding domains (amino acids 39 – 104). It is possible that only one 

of the two DNA-binding domains is sufficient and LEF-3 only requires a weak 

interaction for the role of keeping the strands of DNA separated during replication. 

However, it is difficult to accept that less than one-half of the lef-3 gene product is 

functionally significant, making the rest of the protein and any tertiary structure formed 

by the folding of the entire protein redundant. Previous structural analysis suggested that 

the core structure of LEF-3 was formed by the amino acids 28-326 and that the easily 

trypsin digested terminal ends were structurally separate (Mikhailov et al., 2005a). The 

results suggest that the N-terminal region of protein, part of which is considered to be a 

“protruding region” from the core structure, is all that is essential. Hence, an 

understanding of the two domains that remain fully intact within this 2 - 125 region may 

be the key to understanding the role of LEF-3 in baculovirus replication. 

This research to characterize LEF-3 has shown that the N-terminal amino acids 2 

– 125 and domains within this region are essential for its function. This study shows that 

the NLS domain, including the core sequence, is conserved among the group I 

Alphabaculoviruses. The AcMNPV LEF-3 NLS can function as both a monopartite and 
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bipartite transport system, depending on the presence or absence of amino acids 20-28. 

However, this domain is not present in several other group 1 viruses including CfMNPV 

LEF-3. This suggests that AcMNPV and its close relatives have evolved a more flexible 

NLS system for increased efficiency in nuclear transport that may contribute to its ability 

to replicate faster than CfMNPV in cell culture (Liu and Carstens, 1993). It may also 

contribute to the higher virulence of AcMNPV than CfMNPV. It is evident that the NLS 

region is also essential for interaction with P143 and subsequently, late gene expression.  

Since these two domains appear to be sufficient for replication, further characterization of 

the pathways and interacting partners for nuclear import will provide a greater 

understanding of LEF-3 role in P143 trafficking, replication and host range 

determination. Further studies into the interaction and roles of DNA polymerase, IE-1, 

LEF 1-3, and P143 will be needed in order to fully understand the mechanism of 

baculovirus DNA replication and gene expression.  
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