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 The Baculoviridae comprise a diverse group of occluded DNA viruses that 

contain large double-stranded DNA genomes of 80 - 180 kb and may encode up to 

180 gene products.  To understand how baculoviruses replicate and process their 

genomes and the gene products that are involved in these events, a series of mutant 

virus constructs were generated using the Autographa californica 

multinucleopolyhedrovirus (AcMNPV) genome propagated as a bacteria artificial 

chromosome (bacmid).  The gene products investigated were very late expression 

factor-1 (VLF-1), DNA polymerase, alkaline nuclease, the single-stranded DNA 

binding protein (DBP), and those encoded from the open reading frames, Ac 101, Ac 

142, and Ac 144.  Using the Spodoptera frugiperda cell line as a tissue culture model 

system, bacmid constructs lacking any of the open reading frames encoding these 

seven gene products were shown to be non-infectious.  In addition, based on a series 

of assays to determine the cause for the non-infectious phenotype, it was revealed that 

VLF-1, a putative recombinase and transcriptional activator was also an essential 

structural component of the capsid and appeared to possess an enzymatic function 

related to its role as a recombinase during the final stages of DNA encapsidation.  A 
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bacmid lacking the alkaline nuclease gene was able to replicate DNA to normal levels, 

however, this construct produced aberrant genomes and defective nucleocapsids, 

suggesting that alkaline nuclease was involved in processing viral genomes during 

replication.  Similarly, analysis of a bacmid lacking the single-stranded DNA binding 

protein DBP revealed that, although not absolutely required for DNA synthesis, DNA 

synthesis was reduced in the absence of DBP and no unit-length genomes could be 

detected from transfected cell extracts.  Moreover, although not a structural 

component of budded virus, the DBP knockout was deficient in nucleocapsid 

production which is predicted to result from a defect in genome maturation.  Finally, 

the gene products encoded by open reading frames Ac 101, Ac 142, and Ac144, while 

expendable for DNA synthesis, were shown to be components of the nucleocapsid 

from budded virus, and bacmids lacking these gene products were deficient in 

nucleocapsid production.   

 

 

 

 

 

 



 4 

 

 

 

 

 

 

 

 

 

 Copyright by Adam L. Vanarsdall 

December 14, 2006 

All Rights Reserved 



 5 

Characterization of Baculovirus Genes Involved in Genome Replication and 

Processing 

 

 

by 

Adam L. Vanarsdall 

 

 

 

 

A THESIS submitted to  

Oregon State University 

 

in partial fulfillment of 

 the requirements for the  

degree of 

 

Doctor of Philosophy 

 

 

 

 

 

 

Presented December 14, 2006  

Commencement June, 2007 

 



 6 

Doctor of Philosophy thesis of Adam L. Vanarsdall presented on December 14, 2006.  

 

APPROVED: 

 

 

_________________________________________________ 
Major Professor, representing Microbiology 
 

 

________________________________________________ 
Chair of the Department of Microbiology 
 

 

_________________________________________________ 
Dean of the Graduate School 
 

 

 

 
I understand that my thesis will become part of the permanent collection of Oregon 
State University libraries.  My signature below authorizes release of my thesis to any 
reader upon request.   
 
_____________________________________________________________________ 

Adam L. Vanarsdall, Author 
 



 7 

 

ACKNOWLEDGEMENTS 

 

I would like to extend sincere gratitude and appreciation to all the members of 

the laboratory who assisted me with my graduate training.  Specifically, I would like 

to thank Kazuhiro Okano for taking so much of his time to help with the molecular 

biology after I joined the lab and for his sagacious technical assistance, Victor 

Mikhailov for sharing his amazing insight and scientific advice during this research, 

and Margo Pearson for her gracious support, technically, intellectually, and otherwise.  

I would also like to acknowledge Theo Dreher, Ling Jin, Gary Merrill, and Walt Ream 

for taking the time to serve as members of my graduate committee.  Finally, I would 

like to acknowledge my advisor, Professor George Rohrmann for his financial support, 

his unremitting encouragement, and for always showing a genuine interest in me as a 

young scientist.   

 
 



 8 

CONTRIBUTION OF AUTHORS 

 

Dr. Kazuhiro Okano was responsible for the studies involving pulsed-field gel analysis 

viral DNA replicated by the VLF-1 and alkaline nuclease knockout bacmids, 

construction of the alkaline nuclease knockout mutant and numerous plasmid 

constructs used throughout this research.  In addition, Kazuhiro Okano made a 

significant intellectual contribution toward the experimental strategies and techniques 

described in chapter 5.   

 

Dr. Victor S. Mikhailov performed the analysis of viral gene expression in cells 

transfected with the dbp knockout virus and the fractionation studies investigating the 

association of DBP with sub-nuclear structures in virus-infected cells described in 

chapter 6.   

 

Dr. Margo N. Pearson was responsible for generating the Ac 101, Ac 142, and Ac 144 

knockout and repair bacmid constructs described in chapter 7.  

 

Dr. George F. Rohrmann performed the growth curve analysis of the Ac 101, Ac 142, 

and Ac 144 knockout and repair constructs described in chapter 7.  

 



 9 

TABLE OF CONTENTS                                           Page 

 

CHAPTER 1: Introduction……...………………………………………………..……1 

Virus structure……………………………………………….………………...4 

Baculovirus genomes……...…………………………………..……………..10 

The baculovirus infection cycle……….……...…………….………………..13 

Virus entry/early stages………….…………………………………....13 

Late stages………………….………………………….……………...14 

Very late stages/BV egress……….……………………..……………15 

Baculovirus DNA replication…………….…………………………………...18 

Viral genes encoding proteins involved in DNA replication.…...........18 

DNA polymerase……………...…………...………………….18 

Helicase (p143).…..…………………………………………..19 

LEF-1/LEF-2……..……...……….…………………………...20 

LEF-3……………..…...………..…………………...………..20 

IE-1………………..........………..….………………………...21 

Origins of DNA replication………..…..……………………………...22 

Additional genes predicted to be involved in genome replication…….……...23 

Alkaline nuclease..……..……………….…………...………………..23 

Very late expression factor (VLF-1) ……...……...…………………..24 

Baculovirus DNA binding protein DBP…………..………………….29 

The baculovirus proteins encoded by ORFs 101, 142, 

    and 144 of AcMNPV……………………………....…………30 

The AcMNPV bacmid……….………………………..…………….………..30 

Bacterial artificial chromosomes……………...…..……….…………30 

Bacmid mutagenesis…………………...….……………….…………35 

 



 10 

TABLE OF CONTENTS (Continued)                                          Page 

 

CHAPTER 2:  Characterization of a baculovirus with a deletion of vlf-1…………...40 

Abstract…………..………………………….………………………………..41 

Introduction……….…….……………………………..……………………...41 

Materials and Methods….…..…..………………….…………………………44 

Cells, viruses, bacterial strains, and antibiotics…...…….……………44 

Generation of a vlf-1 deletion in an AcMNPV Bacmid and 

transformation of E. coli DH10B cells....…………..…………45 

PCR screening and transformation of bacmids constructs……............48 

Bacmid purification/transfection………………………...…...….……55 

GUS staining…………………………………………………..……...55 

Slot-blot analysis……………………………………………………...55 

DpnI replication assay……………....……………………...…………56 

Total RNA purification/ Northern blotting…………………….……..57 

Virus growth curve…………………………………...........................58 

Results………………………………………………………………………..58 

Viral replication analysis……………………………...……………...58 

Analysis of intracellular viral DNA replication in Sf-9 cells…………63 

Analysis of viral gene transcription…………………………………..67  

Discussion……………………………………………………...…….……….70 

CHAPTER 3:  Characterization of the replication of a baculovirus mutant  

lacking the DNA polymerase gene…………..……………………….73 

Abstract…………………………...……………………………..……………74 

Introduction…………………...………….…………………………………...75 

Material and methods………...………………….………………….………...76 

Cells and antibiotics…………...……………….………………...…...76 

Bacmid construction, purification, and transfection……..…..……….77 



 11 

TABLE OF CONTENTS (Continued)                                          Page 

 

Viral growth curve analysis…………………………..….…..……….78 

Real-time PCR……………………………………..………....………78 

Results and discussion…………………….…………..……………………...81 

Construction of an AcMNPV bacmid lacking the DNA polymerase  

    gene and construction of a repair virus……………..………..81 

Virus growth curve analysis………………………..………..………..84 

Real-time PCR analysis…….………………………...………………87 

CHAPTER 4:  Characterization of the role of very late expression factor-1 in 

   baculovirus capsid structure and DNA processing…....……………...92 

Abstract………...……………………………...……………………………...93 

Introduction………...………………………...………………….……………96 

Materials and methods………………....……..………………………………96 

Cells and antibiotics…………..……….…………………...…………96 

Bacmid construction, purification, and transfection……......………...97 

Quantitative DNA replication assay…….……………….….………..99 

Field inversion gel-electrophoresis………....………………....…….100 

Immunoelectron microscopy………….………………....…..………101 

Nuclease protection assay…………….……………….....…..……..101 

Results………………………………………..…………………...…………102 

Construction and characterization of a gp64 knockout bacmids……102 

Analysis of viral DNA replication…………………………………..106 

Analysis of replicated viral DNA by field-inversion gel 

electrophoresis………………………………………………109 

EM analysis of bacmid transfected cells…....…….....………………114 

Nuclease protection assay…………………………...……...…….…117 

 



 12 

TABLE OF CONTENTS (Continued)                                          Page 

 

EM analysis of VLF-1 localization on nucleocapsids……........……121 

Discussion…………………………………………….………………...…124 

CHAPTER 5: A baculovirus alkaline nuclease knockout construct produces 

fragmented DNA and aberrant nucleocapsids…….....………128 

Abstract………….……………………………………………...…………...129 

Introduction……………………………………………………………..…...130 

Materials and methods……….……………………………………………...131 

Cell culture..……………………………………………..…………..131 

Bacmid constructs, introduction of a unique Eco81I restriction 

    site and EGFP ……………………………………………….131 

DNA transfection, viral infection, field-inversion gel  

electrophoresis and Southern hybridzation………………….132 

Analysis of in situ digested agarose-embedded DNA………..….….133 

Quantitative PCR replication assay and electron microscopy……....134 

Results…………………………………….…………………..…….……….134 

FIGE analysis of viral replication intermediates from infected  

Sf-9 cells….............................................................................134 

FIGE analysis of DNA from gp64 and an-knockout 

    transfected cells……………………………………….…......139 

Comparison of the DNA replicated by the alkaline nuclease 

    and gp64 knockout bacmids by quantitative PCR………..…144 

Immuno-electron microscopy of cells transfected with the an 

-knockout bacmid…..……………………………………......144 

Discussion………………………………………………………………...…149 

FIGE analysis of replicated DNA……..………………………...…..149 

 



 13 

TABLE OF CONTENTS (Continued)                                          Page 

 

A role for recombination in baculovirus replication?…………..…...150 

A role for alkaline nuclease in other viral systems..............………...152 

Replication of baculovirus genomes…………....…………………...153 

CHAPTER 6:  Characterization of the baculovirus DNA binding protein DBP……154 

Abstract…………………………………………………………………..….155 

Introduction…………...………………………………………………….….156 

Materials and methods………………………………………………………157 

Cells and antibiotics………….……………………………………...157 

Bacmid construction, purification, and transfection………….…......157 

Virus growth curve…………………………………………..………159 

Sub-nuclear localization of DBP and LEF-3……….……………….160 

Chromatin fractionation…………………………..…………………160 

Quantitative DNA replication assay…………………………...……161 

Slot–blot analysis………………………………………………........162 

Field-inversion-gel electrophoresis……………..…………..……….163 

Immuno-electron microscopy……………………………….………163 

Results………………………………………………………………….……164 

Analysis of budded virus production and gene expression………….164 

Association of DBP with sub-nuclear structures……………………169 

Quantitative analysis of viral DNA replication……………….……..173 

Characterization of replicated viral DNA by field-inversion  

gel electrophoresis...................................................................176 

Electron microscopic analysis……...…………………….………….180 

Discussion…………………………………..…………………...…………..185 

 



 14 

TABLE OF CONTENTS (Continued)                                          Page 

 

CHAPTER 7: Characterization of baculovirus constructs lacking either the  

Ac 101, Ac 142, or Ac 144 open reading frame………..…………189 

Abstract……………………………...…………………………….………...190 

Introduction………..………………………………………….…………..…190 

Materials and methods…………..………………………………………..…192 

Cells, virus, bacterial strains, and antibiotics………………..………192 

Knockout and repair bacmid constructs……………..………………193 

Bacmid purification and transfection………………..………………196 

Quantitative DNA replication assay………..…………….…………196 

Virus growth curve…………………………..………..……………..197 

Budded virus purification and Western blotting……..….….……….197 

Immuno-electron microscopy……………………………………….198 

Results…………………………………………….………........…….…...…198 

AcMNPV ORFs 101, 142, and 144 are essential genes…..………....198 

Quantitative analysis of viral DNA replication…………..……….…203 

Western blot analysis of purified budded virus fractions………...…203 

Immuno-electron microscopic analysis of bacmid  

transfected cells…………………………………….……..…208 

Discussion………….…………………………………………..……………212 

CHAPTER 8: Summary and conclusions……………..…………………………….215 

Baculovirus genome replication………………………..…………...……….216 

VLF-1 is required for capsid maturation and DNA processing………..........217 

The baculovirus alkaline nuclease is required for genome  

replication……………………………………………………………220 

The baculovirus DNA binding protein functions as a replication 

   factor...................................................................................................223 



 15 

TABLE OF CONTENTS (Continued)                                          Page 

 

The baculovirus proteins encoded by ORFs 101, 142, and 144 of  

AcMNPV are capsid associated and essential for budded  

virus production…………………………………………….……….224 

Bibliography………………………………………………...……………….............227 

 



 16 

Figure                                        LIST OF FIGURES                                                Page 

 
1.1        Diagram depicting the morphology and structural components  

of budded virus (BV) and occlusion-derived virus (ODV)…….………6 
 
1.2        Diagram showing the organization of baculovirus homologous 

repeated sequences (hrs) on a circular map of the AcMNPV 
genome………………………………………….…………………….12 

 
1.3        A model diagram depicting the site-specific recombination  

pathway of tyrosine recombinase proteins……….....….……………. 28 
 
1.4        Diagrams depicting the components of the AcMNPV bacmid system…...….34 
 
1.5        Diagram outlining the strategy used to generate mutant AcMNPV 

bacmid constructs……………………………………………………..38 
1.6        Diagram outlining the strategy used to construct a rescued bacmid by 

site-specific transposition……………………………………………..39 
 
2.1        PCR screening strategy used to confirm the deletion of the vlf-1 ORF 

in bacmid bMON14272 containing the AcMNPV genome…………..51 
 
2.2        Diagram of the transfer plasmids used for transposition with bacmid   

DNA….……………………………………………………………….54 
 
2.3        Analysis of viral replication in Sf-9 cells...….……….………………………62 
 
2.4        Analysis of viral DNA replication……………...……………………………66 
 
2.5        A Northern blot analysis of viral gene expression in Sf-9 cells  

transfected with bacmid DNA…………………….….....…………….69 
 
3.1        Organization and characterization bacmids constructs………………….…...83 
 
3.2        Viral growth curve analysis………………………………………...……......86 
 
3.3        Real-time PCR analysis of viral DNA replication……………...……………90 
 
4.1        Organization of transfer plasmids used to generate virus constructs  

and confirmation of a gp64 knockout bacmid……..……………......105 



 17 

Figure                               LIST OF FIGURES (Continued)                                     Page 

 
4.2        Real-time PCR analysis of viral DNA replication in transfected  

Sf-9 cells…………………………………………………………….108 
 
4.3        Analysis of viral DNA by field-inversion gel electrophoresis (FIGE)……..112 
 
4.4        Electron microscopic analysis of transfected Sf-9 cells stained with  

vp39 antibody to characterize VLF-1 mutants………………………116 
 
4,5        Nuclease protection assay to detect encapsidated viral DNA………………120 
 
4.6        Immuno-gold labeling of VLF-1 from thin sections of infected Sf-9 cells 

at 72 h.p.i………………………….....................................................123 
 
5.1        AcMNPV bacmid constructs used in this report and the strategy 

employed to introduce marker genes and a unique Eco81I  
restriction site………………………......……………………………137 

 
5.2        FIGE analysis of viral DNA replication intermediates from Sf-9 cells  

infected with the parental-GUS (Eco81I) recombinant virus……..……138 
 
5.3        FIGE analysis of viral DNA replication intermediates from gp64 or 

an knockout transfected Sf-9 cells…………………………………..143 
 
5.4        Real-time PCR analysis of viral DNA replication………………………….147 
 
5.5        Immuno-gold staining of thin sections generated from gp64-KO 

or an-KO GFP transfected cells at 72 h.p.t.…………………………148 
 
6.1        Analysis of BV production from bacmid transfected cells............................167 
 
6.2        Western blot analysis of the synthesis of viral proteins in Sf-9 cells 

transfected with the dbp knockout or dbp repair bacmid……..……..168 
 
6.3        Western blot analysis of the association of DBP and LEF-3 with  

sub-nuclear structures……………………………………………….172 
 
6.4         Analysis of viral DNA replication in transfected Sf-9 cells….……………175 
 



 18 

Figure                               LIST OF FIGURES (Continued)                                     Page 

 
6.5        Field-inversion gel electrophoresis of replicated viral DNA……………….179 
 
6.6        Electron microscopic analysis of thin sections from transfected 

Sf-9 cells stained with a vp39 antibody………..………………...….183 
 
6.7        Electron microscopic analysis of Sf-9 cells infected with Ac-GUS 

BV and incubated with Brd-U labeling reagent…………….……….184 
 
7.1         Analysis of viral replication in transfected Sf-9 cells…………………….. 202 
 
7.2        Virus growth curves generated from a transfection time-course in Sf-9 

cells……………………….…………………………………………203 
 
7.3        Real time PCR analysis of viral DNA replication in transfected Sf-9 

cells………………………….………………………………………206 
 
7.4        Western-blot analysis of cell lysates and BV fractions from infected 

Sf-9 cells………………………………………………………….…207 
 
7.5        Electron microscopic analysis of Sf-9 cells transfected with knockout 

bacmids……………...........................................................................211 
 



 19 

Table                                         LIST OF TABLES                                                  Page 
 
 
1.1        Previously characterized ODV associated proteins …………..………….…..9 
 
2.1        Oligonucleotides used to construct and characterize a vlf-1 knockout……...47 
 
3.1        Oligonucleotides used to construct and characterize a dnapol knockout…...80 
 
7.1 Oligonucleotides used to generate knockout and repair bacmid  

constructs …………………………………………………………..195 
 
 



 

 

Characterization of baculovirus genes involved in genome replication and processing 

 

 

 

 

 

 

CHAPTER 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

Department of Microbiology 

Nash Hall 220, Oregon State University 

Corvallis, OR 97331-7301 

 



 2 

Baculoviruses represent a diverse group of occluded DNA viruses that are 

pathogenic to the insect orders, Lepidoptera, Hymenoptera, and Diptera that include 

butterflies, sawflies, and mosquitoes, respectively.  Members of this virus family are 

grouped into two genera based on occlusion body morphology.  These include the 

nucleopolyhedroviruses, or NPVs, which produce large intra-nuclear occlusion bodies 

called polyhedra that contain numerous rod-shaped enveloped nucleocapsids within 

each occlusion, and granuloviruses, or GVs, which form smaller intra-nuclear 

occlusion bodies called granules that usually contain only a single enveloped 

nucleocapsid (Winstanley and O'Reilly, 1999).  The baculovirus occlusion body 

confers protection allowing virions to remain viable in the environment for many 

years.  Occlusion bodies, however, are sensitive to the alkaline conditions found in the 

mid-gut of susceptible insect species.  Under these conditions, the occlusion bodies are 

dissolved and the virions are released, allowing infection to occur.  

Soon after the realization that baculoviruses are important for naturally 

controlling insect populations and the fact that they are incapable of causing disease in 

vertebrates, baculoviruses were proposed as safe alternatives to chemical insecticides.   

With over 400 Lepidopteran species that can serve as hosts, and with each virus isolate 

restricted to only one or a few related host species, baculovirus-based insecticides are 

naturally adapted for selectively controlling certain insect populations without 

affecting beneficial or non-target insects.  However, although these features highlight 

certain benefits, early investigations into the use of baculoviruses as effective 

insecticides determined that the high cost of production and their slow speed of action 

made them inferior to traditional chemical insecticides and therefore not practical in 

the USA.  Although it is possible that such biological and technical inadequacies could 

be overcome through genetic engineering and by developing cost-effective in vitro 

propagation methods, the large-scale commercialization of baculovirus-based 

insecticides will almost certainly rely on public acceptance.     
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In addition to their potential use as insecticides, baculoviruses have become 

widely used in basic research settings.  With the development of a suitable tissue 

culture system and the ease in which recombinant viruses can be generated, 

baculoviruses have been successfully developed for use as protein expression vectors.  

The advantages of this system include the ability of foreign genes to be expressed at 

very high levels when placed under control of certain viral late promoters as well as 

the ability of such proteins to be properly folded and post-translationally modified 

when expressed in insect cells.  This ensures that expressed proteins remain 

biologically active.  Furthermore, recombinant viruses can be used to express multiple 

polypeptides, which can organize into complex structures such as virus-like particles 

(VLPs).   Such advantages have led the pharmaceutical industry to adopt the use of the 

baculovirus expression systems for vaccine development.  For example, baculovirus 

expression systems have been used to develop vaccines to human papilloma virus, 

hepatitis E virus, and human influenza virus (Brett and Johansson, 2005; Harper et al., 

2004; Pushko et al., 2005; Treanor et al., 2001).  In addition, with the observation that 

baculoviruses have the ability to enter, but not to replicate in a variety of dividing and 

non-dividing mammalian cell types, baculoviruses have gained increased interest as 

gene delivery vectors (Barsoum et al., 1997; Boyce, 1999; Boyce and Bucher, 1996; 

Hofmann et al., 1995; Leisy et al., 2003; Shoji et al., 1997).  Several studies have also 

found that the baculovirus fusion protein located on the surface of the virion is 

amenable to certain modifications that can alter its tropism and promote entry into 

specific cell types, providing a possible future in cancer therapy applications (Makela 

and Oker-Blom, 2006; Oker-Blom et al., 2003).    

Finally, baculoviruses also serve as a model system for investigating the 

molecular biology of eukaryotic DNA viruses such as transcriptional regulation, 

suppression of virus-induced apoptosis, virus entry and fusion mechanisms, and 

certain virus host interactions.  Baculoviruses are also a convenient model for 

understanding how large complex DNA viruses replicate their genomes.  For example, 
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baculoviruses appear to have several replication factors and strategies that are 

conserved among other DNA viruses, such as members of the Herpesviridae.  

Therefore, insights into baculovirus genome replication and processing could have 

broad implications toward understanding other virus systems.    

 

Virus Structure 

For most NPVs pathogenic to Diptera and Hymenoptera, the infection appears 

to be limited to the midgut cells, whereas for most Lepidopteran NPVs, the infection 

spreads from the midgut cells to a variety of other tissues.  The ability of Lepidoptera 

NPVs to spread among various tissues is due to the production of a second type of 

virion produced by these viruses, known as budded virus (BV).  During the infection 

cycle, BV are generally produced earlier than occluded virus (also called occlusion 

derived virus or ODV) and differ in their morphology and in the structure of their 

envelope.  Nucleocapsids that are destined to become BV can be observed within 

vesicles derived from the nuclear membrane as they are transported through the 

cytoplasm.  These nucleocapsids obtain their final envelope as they bud through the 

plasma membrane that has been modified by the virally encoded envelope fusion 

protein (Granados and Lawler, l98l).  In contrast, ODV obtain their envelope from 

membrane structures that are thought to be generated within the nucleus and may 

contain a number of virus encoded proteins (Russell et al., 1997).  This difference in 

BV and ODV envelope structure is reflected in the infectivity profile of BV and ODV.  

BV are only poorly infectious by the oral infection route but are highly infectious for 

tissue culture cells.  In contrast, ODV possess limited infectivity for cultured cells, but 

are highly infectious via the oral route (Volkman and Summers, 1977).   
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Figure 1.1  Diagram depicting the morphology and structural components of budded 
virus (BV) and occlusion-derived virus (ODV).  Both BV and ODV contain rod-
shaped nucleocapsids that are similar in composition and include several known 
capsid-associated proteins such as vp39, p80, p24, p91, protein tyrosine phosphatase 
(PTP), protein kinase, the major DNA binding protein p6.9, and a protein associated 
with the basal end-region of the capsid known as orf-1629 or pp78/83.  BV and ODV 
differ in the number of nucleocapsids within each virion.   Whereas BV contain a single 
nucleocapsid, ODV contain several enveloped nucleocapsids that are embedded within 
each occlusion.  BV and ODV also differ in their envelope structures.  BV envelope 
structures contain the GP64 envelope fusion protein that mediates cell-to-cell 
infection, in contrast, ODV envelope structures lack the GP64 protein, but contain 
other ODV-specific envelope proteins.  ODV also appear to contain an additional 
protein known as GP41 that localizes between the virion envelope and the capsid to 
form a tegument-like structure.  (Diagram adapted from (Blissard, 1996).     
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 Baculovirus nucleocapsids are rod-shaped and are generally described as being 

50 nm wide and 250 nm long, however the actual size of the nucleocapsid appears to 

be rather variable and increased nucleocapsid length has been correlated with larger 

genome size.  This apparent flexibility in the length of the nucleocapsid is likely to 

contribute to the facility by which baculoviruses can accommodate large amounts of 

foreign DNA without affecting virus yields, but also raises interesting questions as to 

how baculoviruses regulate DNA encapsidation (Fraser, 1986; Fraser et al., 1983; 

Potter and Miller, 1980).  Another interesting feature regarding baculovirus 

nucleocapsids is that in addition to their cylindrical body, nucleocapsids appear to 

possess end-regions with dissimilar morphological features thereby giving them 

polarity.  These morphological features were first identified from electron microscopy 

studies in which an apical cap-like structure could be discerned at one end-region of 

the nucleocapsid, while a structure referred to as the basal plate was identified at the 

opposite end (Fraser, 1986).  

The complete set of viral proteins that define the nucleocapsid structure has not 

been determined.   One study that used a variety of techniques including mass 

spectrometry, Western blot analysis, and by screening an AcMNPV library identified 

44 viral proteins that co-purified with ODV (Braunagel et al., 2003).  Although this 

study represents a comprehensive overview of ODV protein composition, it is difficult 

to make inferences regarding which proteins are part of the nucleocapsid.  For 

example, in addition to the significant number of structural proteins, several that were 

identified are involved in DNA replication, which may reflect that proteins that are in 

high quantity in the nucleus or involved in certain reactions within close proximity to 

the nucleocapsid could be non-specifically incorporated into ODV particles during 

occlusion.   
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Other studies have also identified capsid-associated proteins, such as a 39-

kilodalton protein termed vp39, also known as the baculovirus major capsid protein.   

Using immuno-electron microscopy, vp39 was shown to be distributed randomly over 

the surface of the nucleocapsid indicating that this protein serves as a dominant 

component of the capsid structure rather than serving a more specialized function 

(Russell et al., 1991).  Other notable examples of proteins that are capsid-associated 

include a small basic protein of 54 amino acids known as p6.9 that contains a high 

level of arginine, serine, and threonine residues that are thought to assist in 

neutralizing the phosphodiester backbone of viral DNA as the baculovirus genome is 

condensed during packaging (Wilson et al., l987).   Also of special interest is the 

baculovirus late gene product encoded from ORF 8 of AcMNPV, otherwise known as 

pp78/83 or ORF 1629.  This essential viral phosphoprotein has been shown by 

immuno-electron microscopy to localize to the basal-end region of the nucleocapsid 

opposite the apical cap-like structure (Russell et al., 1997).  Interestingly, pp78/83 has 

also been shown to activate the host cell ARP2/3 complex involved in actin 

polymerization, suggesting that actin dynamics within infected cell nuclei may be 

critical for nucleocapsid production (Goley et al., 2006).  In addition, using Western 

blot analysis, the viral recombinase-like protein known as very late expression factor, 

or VLF-1, was shown to be present with BV, indicating that it may also be associated 

with nucleocapsids (Yang and Miller, 1998b). A list of previously characterized 

baculovirus gene products that have been shown to be associated with virions is shown 

in Table 1.1.  
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1Open reading frame from AcMNPV 
 2 Homolog of OpMNPV 
 

Previously characterized ODV associated proteins 

Protein 
Predicted 
function 

Method of 
detection 

Reference 

p6.9 
DNA-binding EM/MS 

(Braunagel et al., 2003; Tweeten et al., 
1980) 

vp39 
Capsid 

structure 
EM/MS 

(Braunagel et al., 2003; Russell et al., 
1991) 

p87 Unknown 
EM/Western 

blot/MS 
(Braunagel et al., 2003; Lu and Carstens, 

1992) 

p24 Unknown EM/MS 
(Braunagel et al., 2003; Wolgamot et al., 

1993) 

ORF16291 
Actin 

polymerization 
EM/MS 

(Braunagel et al., 2003; Goley et al., 2006; 
Russell et al., 1997) 

ORF12 Unknown Western blot/MS 
(Braunagel et al., 2003; Li and Miller, 

1995) 

VLF-1 Recombinase Western blot/MS 
(Braunagel et al., 2003; Yang and Miller, 

1998b) 

Protein Kinase Unpackaging SDS-PAGE/MS (Braunagel et al., 2003; Miller et al., 1983) 

PCNA Unknown Western blot/MS (Braunagel et al., 2003) 

Vp1054 Unknown MS (Braunagel et al., 2003) 

FP25K Unknown MS (Braunagel et al., 2003) 

DNApol Replication MS (Braunagel et al., 2003) 

LEF-3 Replication MS (Braunagel et al., 2003) 

HCF-1 
Host range 

factor 
MS (Braunagel et al., 2003) 

Helicase Replication MS (Braunagel et al., 2003) 

ODV-C42 Unknown Western blot/MS (Braunagel et al., 2003) 

ODV-E27 Unknown Western blot/MS (Braunagel et al., 2003) 

IE-1 Replication MS (Braunagel et al., 2003) 

LEF-1 Replication MS (Braunagel et al., 2003) 

P43 Unknown MS (Braunagel et al., 2003) 

PNK/PNL 
Polynucleotide 
kinase/ligase 

MS (Braunagel et al., 2003) 

AN Recombination MS (Braunagel et al., 2003) 

 
Table 1.1 
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Baculovirus genomes 
 

Currently there are about 30 different baculovirus genomes that have been 

sequenced.  Baculovirus genomes are in the form of a covalently-closed supercoiled 

DNA molecule that range in size from 82 kb in Hymenoptera baculoviruses, to almost 

180 kb for a granulovirus (Garcia-Maruniak et al., 2004; Hayakawa et al., 1999; 

Lauzon et al., 2004).  This high degree of size disparity among baculovirus genomes is 

due not only to differences in gene content and non-coding DNA, but also due to 

differences in regions that contain a high level of repeated gene sequences.  For 

example, in some baculovirus genomes, gene sequences are repeated up to seventeen 

times (Hayakawa et al., 2000).     

A novel feature present in most baculovirus genomes is the presence of DNA 

elements known as homologous repeated sequences (hrs) that are located at various 

positions throughout the genome.  Although hrs from different genomes display a high 

degree of sequence variation, hrs within a single genome are closely related.  In the 

case of Autographa californica multinucleopolyhedrovirus (AcMNPV), the structure 

of the hrs consists of a 30-bp imperfect palindrome flanked by a ~20-bp direct repeat 

that makes up the 72-bp core repeat element.  The number of core repeat elements 

within each homologous repeats (hr) varies from one to eight, and they are located at 

eight distinct regions within the genome (Fig. 1.2).  It remains unclear what biological 

function is associated with hr during replication, although hrs of AcMNPV and 

Orgyia pseudotsugata multinucleopolyhedrovirus (OpMNPV) have been shown to act 

as both transcriptional enhancers and serve as replication origins in transient assays 

(Ahrens et al., 1995; Guarino and Summers, 1986b; Kool et al., 1995; Pearson et al., 

1992; Theilmann and Stewart, 1992).   
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Fig. 1.2  Diagram showing the organization of baculovirus homologous repeated 
sequences (hrs) on a circular map of the AcMNPV genome.  (A) The open circles 
indicate the relative locations of the eight homologous repeats (hr) located in the 
AcMNPV genome.  The numbers within each circle indicate the number of core repeat 
elements within each given hrs, which for AcMNPV varies from 1 to 8.  (B) Shown is 
a diagram of hr5 of AcMNPV to indicate the structural organization of a typical hr.  A 
30 bp imperfect palindrome (shaded line with double arrowheads) is bisected by an 
EcoRI restriction sequence (GAATTC) at its center.  The imperfect palindrome is 
flanked by conserved 22 bp and 20 bp sequences (shaded arrows) which together 
make up the 72 bp core repeat element.  Within each hr, the core repeat elements are 
arranged in tandem, separated by between 0 and 131 bp of non-homologous DNA.   
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The baculovirus infection cycle 

 

 VIRUS ENTRY/EARLY STAGES 

 

Baculovirus entry into permissive cells occurs by two distinct mechanisms 

based on the virion type.  ODVs are believed to adsorb to the brush border microvilli 

of midgut epithelial cells, where they directly fuse to target membranes under natural 

alkaline conditions (Granados and Lawler, l98l; Horton and Burand, 1993; Kawanishi 

et al., 1972).  In contrast, BV enter cultured cells by adsorptive endocytosis via 

clathrin-coated vesicles (Blissard and Wenz, 1992; Volkman and Goldsmith, 1985).  

Subsequent release of the virion of BV from the invaginated endosome occurs by low 

pH-mediated fusion between the virus envelope and the endosomal membrane, a 

process facilitated by the major baculovirus envelope fusion membrane protein GP64 

(Blissard, 1996; Volkman and Goldsmith, 1985; Volkman et al., 1984; Whitford et al., 

1989).   Upon escape from the endosome, nucleocapsids migrate to nuclear pore 

regions where they release their nucleoprotein content into the nucleoplasm and early 

gene transcription ensues at 6 to 9 hours post-infection. Baculovirus early genes are 

expressed from viral promoters that are similar to host promoters and therefore are 

recognized by the host RNA polymerase II, and include gene products involved in 

DNA replication, transcriptional regulation, and suppressing cellular apoptosis.  

Baculovirus early gene expression is greatly enhanced by the primary viral immediate 

early transactivator, IE-1 (Guarino and Summers, 1986a).  It is unclear by what 

mechanism IE-1 is able to enhance early gene expression, although it has been shown 

to interact with palindromic viral DNA sequences known as homologous repeated 

sequences (hrs), which can also serve to enhance early gene expression (Choi and 

Guarino, 1995; Leisy et al., 1995; Rodems and Friesen, 1995).  
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LATE STAGES 

 

 Following early gene expression and the onset of DNA replication, baculovirus 

late genes are expressed between 6 and 24 hours post-infection in AcMNPV model 

systems.  Using a transient expression assay to identify factors that are required for 

optimal late gene expression from a reporter plasmid containing a late promoter motif, 

18 baculovirus genes were found (Lu and Miller, 1994; Morris et al., 1994; Passarelli 

and Miller, 1993; Passarelli et al., 1994; Todd et al., 1995).  The genes identified were 

ie-1, ie-2, late expression factors (lefs) 1-11, dnapol, p143 (helicase), p47, p35 (anti-

apoptotic gene), and 39K.   In contrast to early genes, late genes are transcribed by a 

virus encoded RNA polymerase that has been shown to be active in the presence of α-

amanitin (Grula, 1981; Huh and Weaver, 1990b).  Purification of this novel RNA 

polymerase revealed it is organized as a multi-subunit complex consisting of 4 

polypeptides which can serve to recognize late and very late promoter elements 

(Beniya et al., 1996).   Baculovirus late promoters consist of the canonical 

pentanucleotide sequence, A/G/T TAAG, with initiation occurring at the first or 

second nucleotide (Rankin et al., 1988; Rohrmann, 1986).   

 Also during the late stages of infection, morphological changes begin to occur 

within infected cells.  Such changes include rounding of the cellular plasma membrane 

and enlargement of the infected cell nucleus due to changes in cellular cytoskeletal 

and microtubule organization (Volkman and Zaal, 1990).  In addition, host 

heterochromatin that is usually dispersed throughout the nucleus becomes 

marginalized to regions along the inner nuclear membrane.  One very prominent 

change that is unique to baculovirus infections is the formation of an electron-dense 

nuclear sub-structure known as the virogenic stroma.  The virogenic stroma is 

localized to the central region of the nucleus and organized into a highly condensed 

matte-like structure that is interspersed with electron-translucent intra-stromal regions.  

Although all of the viral, and possibly even host components, that make up the 
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virogenic stroma have not been identified, evidence has been presented to indicate that 

large amounts of viral RNA as well as distinct regions of viral DNA are localized to 

this region, and thus it has been suggested that the virogenic stroma is the site of viral 

gene transcription and DNA replication (Young et al., 1993).  In addition, the intra-

stromal regions of the virogenic stroma are thought to be the sites for final maturation 

of progeny nucleocapsids.  Evidence for this comes from electron micrographs 

showing abundant viral nucleocapsids dispersed within these regions, and in some 

instances, capsids can be seen with their apical cap-like end oriented toward the matte-

like region of the virogenic stroma (Fraser, 1986).  Some of these capsids appear to be 

only partially filled and viral nucleoprotein can be seen protruding from the cap-like 

structure and extending into the matte-like region of the virogenic stroma, suggesting 

that viral DNA was actively being translocated into the nucleocapsid at this site.  

Additionally, studies involving DNaseI treatment of infected cells showed that 

nucleocapsids present in the intrastromal regions of the virogenic stroma lost their 

electron-dense chromatin core, whereas nucleocapsids that had migrated out of the 

intrastromal region to the outer ring zone, were resistant to nuclease and retained their 

chromatin core (Young et al., 1993).    

 

 

VERY LATE STAGES/ BV EGRESS 

 

 During the very late stages of infection, a third class of baculovirus genes known 

as very late genes are transcribed.  Like late gene promoters, very late gene promoters 

contain the canonical A/G/T TAAG late gene transcription initiation sequence, 

however, very late gene promoters are distinguished from late gene promoters by 

having an additional AT-rich promoter element located between the late gene 

initiation motif and the translational start site (Ooi et al., 1989).  To date, there are 

only two known baculovirus very late genes that contain burst sequences within their 
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promoters, polyhedrin and p10.  The polyhedrin protein is the major constituent of 

occlusion bodies and serves to form its highly condensed crystalline matrix.  The 

function of the p10 protein is not as clearly defined, although it is believed to assist in 

the formation of highly condensed fibrillar bodies within infected cell nuclei that may 

be involved in occlusion body morphogenesis.  The fact that polyhedrin and possibly 

p10 are involved in occlusion body formation would explain why these genes are 

expressed during the very late stages of infection, however, in addition to their 

temporal regulation, these genes are also the most abundantly expressed, with 

polyhedrin accounting for nearly 25% of the total protein in infected cells at the very 

late stage of infection (Smith et al., 1983).  This high-level protein expression appears 

to require not only the presence of the burst sequence, but an additional virus encoded 

factor known as very late factor-1 (VLF-1).  The vlf-1 gene was originally identified 

from a temperature sensitive mutant that was defective in occlusion body formation 

due to low polyhedrin mRNA levels, indicating that VLF-1 may be involved in 

regulating very late gene expression (McLachlin and Miller, 1994).  A transient 

expression assay using very late promoters that were responsive to VLF-1 (Yang and 

Miller, 1999) showed that when mutations were introduced into the burst sequences of 

the polyhedrin and p10 promoters, a significant reduction in expression levels was 

observed.   In addition, partially purified VLF-1 was able to bind the polyhedrin and 

p10 promoter elements in electromobility gel-shift assays, further supporting that 

VLF-1 may stimulate very late gene expression by binding with the burst sequences 

(Yang and Miller, 1999).  Interestingly, although the burst sequences of polyhedrin 

and p10 promoters are both AT-rich, they do not share a common sequence motif that 

would be predicted to serve as a binding site for VLF-1.  Furthermore, VLF-1 appears 

to have a higher affinity for the p10 burst sequence, although, the stimulating effect of 

VLF-1 on p10 expression is less compared to that of polyhedrin (McLachlin and 

Miller, 1994; Yang and Miller, 1999).     

 The final stages of virus maturation are governed by whether nucleocapsids are 
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assembled into BV or ODV.  For BV production, nucleocapsids must translocate from 

the nucleus to the plasma membrane.  Although the exact details of how nucleocapsids 

exit the nucleus have not been resolved, one suggestion supported from electron 

microscopy studies is that nucleocapids bud through the nuclear membrane where they 

acquire a double membrane vesicle for transport through the cytoplasm.  Prior to 

reaching the outer plasma membrane, this double membrane vesicle appears to 

disintegrate, releasing naked capsids into the cytoplasm.  These nucleocapsids can 

then be seen aligned with their apical cap-like structure facing toward the plasma 

membrane, followed by the budding process to acquire their final envelope.  The site 

of budding appears to be directed to regions that are enriched with the GP64 envelope 

protein, which results in the formation of visible peplomers projecting from the apical 

end of the virion (Volkman, l986; Volkman et al., 1984).   It should be noted that with 

viruses lacking the GP64 envelope fusion protein, BV production is reduced to only 

2% of wild-type levels, emphasizing the fact that GP64 not only is required for viral 

infection, but is also required for BV egress (Oomens and Blissard, 1999).        

 At around 24 hours post-infection, BV production begins to cease and 

nucleocapsids that remain in the nucleus are then assembled in ODV.  This process 

begins by nucleocapsids becoming enveloped by an intra-nuclear membrane enriched 

with several viral proteins to form what are known as pre-occluded virions, or POVs.  

At this time the highly conserved polyhedrin matrix protein present in the nucleus 

begins to condense and incorporate POVs into the matrix.  Mature occlusion bodies 

also appear to be surrounded by a porous envelope-like structure known as the calyx.  

Although the exact composition of this envelope-like structure is unknown, a 34 kDa 

phosphoprotein (pp34) has been shown to immuno-localize with both pre-cursor and 

mature calyx structures and mutants lacking the pp34 protein are devoid of calyx 

formation (Russell and Rohrmann, 1990; Whitt and Manning, 1988; Zuidema, 1989).  

Although the biological role for the calyx remains unknown, it has been proposed to 

assist in maintaining stability of polyhedra.    
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Baculovirus DNA Replication 

 
 Following initiation of early gene transcription, viral DNA replication begins by 

6 hours post-infection and continues until 18 hours post-infection.  To date, 6 viral 

genes have been shown to be required for synthesizing viral DNA.  These were 

identified using a transient DNA replication assay in which an overlapping set of 

cosmid clones were used to support replication of a reporter plasmid containing a 

putative baculovirus replication origin after transfection into insect cells (Kool et al., 

1994).  The genes identified were the immediate early activator of transcription (ie-1);  

helicase (p143); DNA polymerase (dnapol); and three late expression factors (lefs) 

that encode a primase (lef-1); a primase accessory factor (lef-2); and a single-stranded 

DNA binding protein (lef-3).  

 

VIRAL GENES ENCODING PROTEINS INVOLVED IN DNA REPLICATION 

 

DNA Polymerase 

 The first indication that baculoviruses encode their own DNA polymerase came 

from the observation that virus infected cells showed an induced polymerase activity 

and the gene encoding the 115 kDa DNA polymerase was subsequently identified by 

the presence of a conserved domain commonly found in other DNA polymerase 

enzymes (Kelly, 1981; Miller et al., 1981) (Ahrens and Rohrmann, 1996; Liu and 

Carstens, 1995; Tomalski et al., 1988).   Biochemical analyses have also shown the 

putative DNA polymerase possesses 3’ to 5’exonuclease activity consistent with a 

proofreading function (Hang and Guarino, 1999; Mikhailov et al., 1986).  Although 

the transient replication assay described above indicated that baculovirus DNA 

polymerase was required for replication of an origin-containing reporter plasmid, 

another report indicated that the baculovirus DNA polymerase was only stimulatory 

and not essential, suggesting that a host encoded DNA polymerase may be capable of 
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sustaining limited amounts of baculovirus DNA replication (Lu and Miller, 1995). 

Such a scenario is not unprecedented among DNA viruses, as similar observations 

have been described for herpesviruses (Romanelli and Pignatti, 1988).   The 

discrepancies regarding the requirement for the baculovirus DNA polymerase was 

examined in detail as part of this thesis and it was found that DNA synthesis in the 

absence of the viral DNA polymerase is an artifact of the transient replication assay 

(see Chapter 3). 

 

Helicase (P143) 

 The baculovirus-encoded helicase was first discovered from a temperature 

sensitive mutant virus that was defective in DNA replication at the non-permissive 

temperature (Lu and Carstens, 1991).  Genetic analysis of this mutant subsequently 

identified the open reading frame that encodes for the 143 kDa protein, revealing a 

number of sequence domains typically found in other helicases, such as NTP-binding 

and RNA-DNA unwinding motifs, however, direct evidence for helicase activity has 

not been reported.   A study attempting to isolate purified helicase from AcMNPV 

infected cell extracts showed that the baculovirus helicase co-purified from ssDNA 

cellulose with another viral protein known as LEF-3, and this interaction has been 

confirmed through yeast two-hybrid assays (Evans et al., 1999; Laufs et al., 1997).  It 

has since been resolved that the interaction with LEF-3 is required for the transport of 

helicase into the nucleus (Wu and Carstens, 1998).  Another feature of the baculovirus 

helicase is its apparent involvement in determining host range specificity.  For 

example, although the helicases from AcMNPV and Bombyx mori 

nucleopolyhedrovirus (BmNPV) share 95% sequence identity, substituting the amino 

acids that comprise the unrelated 5% between helicases was sufficient to allow 

replication of AcMNPV in the normally non-permissive Bombxy mori cell line 

(Croizier et al., 1994).   
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LEF-1/LEF-2 

 Certain baculovirus genes like lef-1 and lef-2, are designated as such because 

they were initially identified as essential factors required for efficient late gene 

expression and therefore are known as late expression factors, or LEFs (Passarelli and 

Miller, 1993; Passarelli and Miller, 1993b; Todd et al., 1995).  Sequence analysis of 

the lef-1 open reading frame from several different baculoviruses revealed domains 

that are indicative of DNA primase activity and when one of these domains was 

altered from WVVDAD to WVVQAD, DNA replication was no longer supported in a 

transient replication assay (Evans et al., 1997).  Subsequently it was demonstrated that 

LEF-1 functions as a DNA primase (Mikhailov and Rohrmann, 2002c).   The 

predicted role of LEF-2 on the other hand is less clear.  Although LEF-2 was shown to 

be essential for DNA replication in the transient assay, cells infected with a virus that 

contained a point mutation in the lef-2 gene that changed a leucine residue to a 

phenylalanine was able to replicate DNA (Merrington et al., 1996).   Therefore 

although the exact role of LEF-2 remains unclear, it has been shown to interact 

directly with LEF-1 through yeast two-hybrid assays and thus LEF-2 has been 

designated as a primase accessory factor (Evans et al., 1997).    

 

LEF-3  

 The single-stranded DNA binding protein LEF-3 of AcMNPV has been 

extensively studied and appears to be a multi-functional protein as it has been shown 

to be not only required for the transport of helicase into the nucleus, but also forms a 

stable complex with the baculovirus alkaline nuclease (Mikhailov et al., 2003b).  In 

addition, LEF-3 appears to be required for DNA replication.  This was recently 

confirmed in a study that differentiated the requirement of LEF-3 for DNA replication 

from its requirement to transport helicase into the nucleus.  The results of this study 

showed a that chimeric helicase protein containing the N-terminal nuclear localization 

signal from LEF-3 was sufficient for its own transport into the nucleus, but without 
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full-length LEF-3 present, no DNA replication was detected in a transient DNA 

replication assay (Chen and Carstens, 2004).  Although it is unclear what role LEF-3 

may serve during replication, extensive biochemical and biophysical analysis of 

purified LEF-3 has provided significant understanding of the biological properties of 

this protein.  Using limited proteolysis, the DNA binding domain of LEF-3 was 

located to the central region (residues 28 to 326), whereas the N-terminal and C-

terminal residues were shown to not be involved in binding DNA.  Additionally, using 

circular dichroism, it was determined that LEF-3 is a folded protein that contains more 

than 40% α-helical structure but that its structure was highly unstable in solution 

(Mikhailov et al., 2006).  Finally, consistent with its function as a putative single-

stranded DNA binding protein, in vitro studies have revealed that LEF-3 has the 

ability to facilitate unwinding of duplex DNA as well as promote annealing of 

complementary strand DNA and these activities appear to be mediated by the redox 

state of LEF-3, suggesting that LEF-3 may be regulated by certain conditions of the 

cellular milieu (Mikhailov et al., 2005).   

  

IE-1 

 The immediate early gene, or ie-1, encodes for the baculovirus major 

transcriptional enhancer that activates a variety of early gene promoters (Blissard and 

Rohrmann, 1991; Guarino and Summers, 1986a; Lu and Carstens, 1993; Rodems and 

Friesen, 1993).  The IE-1 protein has also been shown to bind homologous repeated 

sequences (hrs) and characterization of this DNA binding activity indicated a separate 

domain from that which is responsible for transcriptional activation (Choi and 

Guarino, 1995; Leisy et al., 1995; Rodems and Friesen, 1995).  Whether early gene 

activation from IE-1 or the ability to bind hrs is critical for DNA replication is unclear.  

Interestingly, transcriptional activation of IE-1 has been linked to presence of hrs 

regions (Guarino and Summers, 1986b).  Therefore, it is possible that in addition to 

IE-1 binding early promoter regions, it may also bind to hrs causing structural changes 
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in the DNA that would allow replication factors to bind and initiate DNA synthesis.   

 

ORIGINS OF DNA REPLICATION 

 

 It is currently unclear how baculoviruses initiate DNA syntheses.  Attempts to 

identify origins of replication using transient replication assays as well as 

characterizing defective genomes that lack significant portions of DNA have 

implicated several putative origins.  These studies identified hrs, non-hr sequences, as 

well as early promoter regions as origins of replication (Ahrens et al., 1996; Wu et al., 

1999).  In addition, both a non-hr origin and an early promoter were shown to have 

origin activity in an in vivo PCR-based assay (Habib and Hasnain, 2000).  These data 

suggest that replication could initiate at any site where the DNA becomes unwound 

and provides an entry point for the replication complex to associate.  The baculovirus 

transcriptional activator IE-1 binds to hr sequences and may be involved in facilitating 

entry at these sites.  Likewise, the host RNA polymerase II would cause unwinding at 

early promoter sequences.  Non-hr origins may provide sequences of less specificity 

that are involved in DNA unwinding.  Although this model provides an explanation 

for multiple replication origins, it poses interesting questions as to how baculoviruses 

regulate initiation as well how mature viral genomes are generated.  It would be 

predicted that under circumstances in which multiple origins are used, heterogeneous 

genomes with a mixed population of free ends would be generated that would then 

require further processing in order to generate a covalently-closed circular genome.   

  

 

 
Additional Genes Predicted To Be Involved In Genome Replication 
 
ALKALINE NUCLEASE 
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 All baculoviruses sequenced to date encode an alkaline nuclease (AN) protein that 
is predicted to serve an essential role in genome replication.  Homologs of the 
baculovirus AN are widely distributed in eubacteria, archaea, and eukaryotes and are 
primarily involved in the repair of double-stranded breaks and in DNA recombination 
(Aravind et al., 2000).  The most well studied example is the exonuclease from the 
lambda bacteriophage Red recombination system.  Components of the lambda Red 
recombination system were identified from mutants that were recombination defective 
(Red) and include three genes known as Red α, β and γ, which function as an 
exonuclease, a single-stranded DNA binding protein, and an inhibitor of the host 
RecBCD enzyme, respectively.   The lambda exonuclease Red α has been shown to 
degrade duplex DNA from 5’ ends to produce large regions containing single-stranded 
3’ overhangs (Little, 1967).  Structural analysis of the lambda exonuclease indicates that 
it consists of three subunits that form a toroidal structure possessing a funnel shaped 
channel that can accommodate double-stranded DNA at one end and single-stranded 
DNA at the other end (Kovall and Matthews, 1997).  To mediate recombination, the 
lambda exonuclease Red α, interacts with the single-stranded DNA binding protein Red 

β, which can then promote strand assimilation (Cassuto et al., 1971; Li et al., 1998).    
 Members of the Herpesviridae such as herpes simplex virus-1 (HSV-1) also 
encode an alkaline exonuclease that is considered a homolog of the lambda Red α 
exonuclease.  Similarly, the HSV-1 alkaline nuclease forms a complex with the HSV-1 
single-stranded DNA binding protein ICP-8, and this complex has been shown to 
promote strand exchange between a linear DNA fragment and a circularized single-
stranded DNA molecule in vitro (Reuven et al., ; Thomas et al., 1992).  Characterization 
of an HSV-1 mutant virus lacking the alkaline nuclease gene indicated that although not 
required for DNA replication, the HSV-1 AN null mutant is severely compromised for 
growth, producing ≤ 1% of the normal levels of extra-cellular virus particles and these 
particles appear to contain abnormal genomes that are not infectious when transfected 
into permissive cells (Porter and Stow, 2004; Weller et al., 1990)  Additionally, studies 
involving pulsed-field gel electrophoresis revealed that in cells infected with the alkaline 
nuclease null mutant, viral DNA replicated in a manner that produced DNA intermediates 
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which could not be resolved into unit-length genomes after restriction digestion 
(Martinez et al., 1996). Therefore it is hypothesized that the HSV-1 AN functions in 

genome processing during replication in order to generate complete genomes, either 

by resolving branched DNA intermediates or long concatameric DNA molecules.   
 Biochemical analysis of the baculovirus alkaline nuclease (AN) has shown that it 
forms a stable complex with the viral single-stranded DNA binding protein LEF-3 and 
possesses both 5’ to 3’ exonuclease activity as well as structure-specific endonuclease 
activity (Mikhailov et al., 2003b).  Furthermore, this AN-LEF-3 complex has been 
shown to mediate strand exchange in vitro, suggesting that alkaline nuclease may 
participate in homologous recombination similar to that described for other dsDNA 
viruses and this mechanism may be critical for replication.   Additional support for this 
theory comes from the fact that a bacmid lacking the alkaline nuclease gene is able to 
replicate DNA, but is not able to produce infectious virus, therefore implicating AN 
during the late stages of DNA replication (Okano et al., 2004).  
 
 
VERY LATE EXPRESSION FACTOR-1 (VLF-1) 
 
 As described above, very late expression factor-1, or VLF-1, was originally shown 
to be involved in stimulating high-level expression of the very late genes p10 and 
polyhedrin.  However, attempts to isolate a recombinant virus lacking the VLF-1 open 
reading frame using a strategy that involved recombination between a donor plasmid 
harboring a mutant VLF-1 gene and a linear baculovirus genome were unsuccessful 
(McLachlin and Miller, 1994).   This suggested that VLF-1 may be required to serve 
another function exclusive of its role in very late gene expression, as polyhedrin and p10 
are not essential for BV production.  Interestingly, at the time of its initial 
characterization, VLF-1 was shown to share sequence homology with a group of 
enzymes known as tyrosine recombinases and VLF-1 has since been included as a 
member of this group by other investigators (McLachlin and Miller, 1994; Nunes-Duby 
et al., 1998).  Tyrosine recombinase enzymes are characterized as having an Arg-His-
Arg triad and an invariant tyrosine residue at the C-terminal portion of the catalytic 
domain.  The most well studied example is the integrase protein (Int) from lambda phage 
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that mediates recombination to allow integration and excision of the phage genome with 
the host chromosome.  All tyrosine recombinases that have been characterized to date 
recognize and bind DNA in a sequence-specific manner, although the DNA sequences 
recognized by each recombinase may differ greatly.  For example, the attP site of lambda 
phage consists of a 240-bp sequence that contains a core-type recognition sequence as 
well as arm-type sequences that serve as binding sites for additional factors required for 
integration and excision (Azaro and Landy, 2002)  In contrast, the recognition site of the 
yeast FLP recombinase consists of only a 13-bp inverted repeat separated by an 8-bp 
spacer region (Jayaram, 1985).   Regardless of the differences in recognition sites, the 
mechanism of recombination is similar and entails a well-orchestrated DNA cleavage and 
strand-exchange reaction.  This reaction is initiated when the catalytic tyrosine makes a 
nucleophilic attack on the DNA backbone producing a 3’phospho-tyrosine linkage and a 
free 5’hydroxyl group.  The free 5’hydroxyl group is responsible for making an inter-
molecular attack of the 3’phospho-tyrosine on the opposite DNA strand forming a 
Holliday-junction intermediate.  Reiteration of this process serves to resolve the 
Holliday-junction intermediate forming two recombination products.  A diagram of the 
proposed model is outlined in figure 1.3.  
 It is unclear why VLF-1 shares homology with tyrosine recombinase enzymes, as 
there is no evidence that baculoviruses integrate into their host’s chromosomes.   To 
investigate the possible relationship of this conserved domain found in VLF-1 with its 
function as a very late transcription factor, mutations were made at highly conserved 
residues located within the catalytic domain and the ability of VLF-1 to transactivate very 
late gene promoters was tested using a transient expression assay.  Interestingly, 
mutation of the two highly conserved arginine residues decreased the ability of VLF-1 to 
transactivate very late gene promoters, however, changing the critical tyrosine residue to 
phenylalanine had no effect on the ability of VLF-1 to transactivate a very late gene 
promoter.  This suggests that the putative recombinase activity of VLF-1 is functionally 
separate from its involvement in very late gene transcription (Yang and Miller, 1998b).  
Notably, because the arginine residues of tyrosine recombinases are often located in a 
region of the catalytic domain involved in DNA binding, the failure of these VLF-1 
mutants to transactivate very late promoters may be due to the inability to bind DNA and 
may suggest a common DNA binding mechanism shared between VLF-1 and other 
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tyrosine recombinases (Kwon et al., 1997).  Whether these VLF-1 mutants are able to 
bind burst sequences using gel-shift assays remains unknown.   
 Although VLF-1 possesses clear homology to other tyrosine recombinase 
enzymes, any activity associated with DNA cleavage or recombination remains elusive.  
Experiments designed to investigate the binding and potential nuclease activities of VLF-
1 in which purified VLF-1 was incubated with a series of DNA substrates that mimicked 
recombination intermediates such as Y-forks, 3-way junctions, and cruciforms failed to 
show any endonuclease activity associated with VLF-1, although VLF-1 was able to bind 
to these structures (Mikhailov and Rohrmann, 2002a).   The failure to detect enzymatic 
activity under these conditions may be due to the lack of sequence specificity in the 
DNA substrates employed or the lack of additional factors that may be required for 
VLF-1 function.   
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Fig. 1.3  A model diagram depicting the site-specific recombination pathway of 
tyrosine recombinase proteins.   (1) Two dsDNA substrates containing recombinase 
recognition sites are aligned and bound by four protein monomers.  The protein 
binding and enzymatic processes are mediated by a highly conserved arginine-
histidine-arginine catalytic triad (RHR) and an invariant tyrosine residue (Tyr) located 
at the C-terminal region of the catalytic domain.   (2) One recombinase bound to the 
top strand of each DNA molecules makes an initial nucleophilic attack mediated by 
the invarient tyrosine to form a 3’phospho-tyrosine linkage (Tyr) and a free 5’ 
hydroxyl group (OH).  (3) The two 5’ hydroxyl groups generated from the initial 
cleavage undergo an inter-molecular attack of the 3’phospho-tyrosine linkage on the 
opposite DNA molecule forming a crossover holliday-junction intermediate.  (4) The 
recombination intermediate then undergoes branch migration and isomerization 
positioning the two other recombinase monomers to initiate a second cleavage event 
on the bottom strands of each DNA molecule.  (5) A second inter-molecular attack and 
crossover reaction proceeds similar to the first.  (6) The final cleavage and strand 
exchange events allow resolution of the recombination intermediate resulting in two 
recombination products.   
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THE BACULOVIRUS DNA BINDING PROTEIN (DBP) 
 

 Baculoviruses encode a single-stranded DNA binding protein known as LEF-3 

that is essential for DNA replication.  Using a protein purification scheme to probe for 

additional DNA-interacting proteins from BmN cells infected with Bombyx mori 

nucleopolyhedrovirus (BmNPV) identified a 38 kDa protein designated as DNA 

binding protein, or DBP (Mikhailov et al., 1998).  Interestingly, subsequent 

biochemical analysis of DBP after purification to near homogeneity indicated that it 

possessed properties of a bone-fide single-stranded DNA binding protein.  These 

properties include a much higher affinity for ssDNA over dsDNA, the ability to 

protect bound DNA substrates from exonuclease digestion, and the ability to unwind 

duplex DNA substrates in a dose-dependent manner without ATP (Mikhailov et al., 

1998).  Proteolytic digestion of the purified protein with Achromobacter protease I 

followed by mass spectroscopy analysis indicated that DBP was encoded by ORF 16 

of BmNPV, and homologs of this gene have been identified in all baculovirus 

genomes sequenced, except those infectious to Diptera, which also lack homologs of 

the lef-3 gene (Okano et al., 2006).  

 Analysis of the temporal expression pattern of DBP in BmNPV-infected cells 

indicated that it is expressed as an early gene, initially detectable by 4 hours post-

infection and peaking at 14 hours post-infection (Okano et al., 1999).  Using confocal 

microscopy to characterize the localization of DBP in infected cells showed that at 

early times, DBP co-localized with viral DNA, LEF-3, and IE-1, but by 14 hours post-

infection, DBP became more diffuse and did not appear to overlap with IE-1 or LEF-3 

(Okano et al., 1999).  These observations suggest that DBP may be closely associated 

with replicating DNA during the early stages of infection, or could possibly function 

in DNA processing during the later stages of infection.  Therefore, it appears as 

though baculoviruses are unique in that they can encode for two single-stranded DNA 
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binding proteins, which raises interesting questions regarding their roles during DNA 

replication and processing.  

 
 
THE BACULOVIRUS PROTEINS ENCODED BY ORFS 101, 142, AND 144 OF 
ACMNPV 
 
 It is currently unknown what role the gene products encoded from ORF 101, 

142, and 144 serve in viral replication, although these genes appear to be conserved in 

all baculovirus genomes sequenced to date with the exception of the virus pathogenic 

for the dipteran, Culex nigripalpus (CuNiNPV), suggesting that they may serve an 

important function (Afonso et al., 2001).  The 101 ORF is considered to be expressed 

as a late gene and is predicted to encode a protein of 41.5 kDa.  The region of the 

AcMNPV genome containing ORFs 142 and 144 is a transcriptionally complex region 

consisting of 5 potential ORFs.  The promoters encompassing this region appear to 

contain the putative (A/G/T/ TAAG) late transcription initiation motif.  Therefore 

ORFs 142 and 144 are also considered to be expressed as late genes and are predicted 

to encode proteins of 55.4 and 33.5 kDa, respectively.  In a study investigating the 

protein composition of ODV, the gene products encoded by these ORFs were all 

shown to co-purify with ODV (Braunagel et al., 2003), providing further indication 

that they may serve an essential function.  

 

 
The AcMNPV Bacmid 
 
 
BACTERIAL ARTIFICIAL CHROMOSOMES 

 

The bacterial artificial chromosome often referred to as BAC or bacmid, was 

originally developed to serve as a cloning vector that could accommodate large DNA 

inserts up to 500 kb, providing an efficient tool for sequence and functional analyses 
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of large genomes.  The bacmid vector is based on the well-characterized F-factor 

plasmid from Escherichia coli, a low copy (one or two copies per cell) and highly 

stable plasmid that exists as a supercoiled molecule (Shizuya and Kouros-Mehr, 

2001).   By utilizing the inherent regulatory factors that tightly control F-factor copy 

number and partitioning, large DNA inserts can be maintained in E. coli without 

undergoing extensive rearrangement, a condition that is often observed with high copy 

vectors such as cosmids harboring large DNA inserts.   

The baculovirus genome from AcMNPV was constructed into a bacmid as a 

means to facilitate production of recombinant viruses for heterologous protein 

expression in insect cells (Luckow et al., 1993).  Traditionally, recombinant virus 

constructs were derived by co-transfecting viral DNA with a plasmid clone containing 

a gene of interest and sequences flanking the polyhedrin gene into an insect cell 

followed by extensive plaque purification assays to separate the recombinant from the 

parental DNA.  In contrast, with the baculovirus bacmid system, genes can be inserted 

into the viral genome propagated as a bacmid in E. coli using standard cloning 

techniques and recombinant clones can be easily isolated from bacteria by using 

conventional selection methods.  Large amounts of the infectious bacmid DNA can 

then be readily purified from E. coli cells by following standard plasmid purification 

procedures and used directly to transfect insect cells for producing viable infectious 

virus.    

During its construction, the AcMNPV bacmid was modified to include several 

distinct genetic elements to facilitate cloning and expression of foreign DNA.  The 

strategy involved removing the polyhedrin gene from its original locus and replacing it 

with a DNA cassette encoding a kanamycin resistance gene and an attachment site 

from the Tn-7 transposon (mini-att Tn-7) embedded within an in-frame lacZα coding 

region (Fig. 1.4 A).  While the former confers antibiotic selection, the latter element 

allows for site-specific insertion of foreign DNA from a donor plasmid containing the 

Tn-7L and Tn-7R cis-acting sequences that flank a multiple cloning site (Fig. 1.4 B).  
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Recombination between this region from the donor plasmid and the mini-att site on 

the bacmid is mediated by a second plasmid referred to as the helper plasmid, which 

contains the tnsA, tnsB, tnsC, tnsD, and tnsE genes that encode for the Tn-7 

transposase (Fig. 1.4C).   Transposition positive clones can be selected by monitoring 

for disruption of the lacZα coding region.   
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Fig. 1.4   Diagrams depicting the components of the AcMNPV bacmid system.   (A) 
The AcMNPV bacmid was constructed by taking the entire AcMNPV genome, 
removing the polyhedrin open reading frame and replacing it with a DNA cassette 
containing a kanamycin resistance gene, a mini-Tn-7 attachment site inserted in-frame 
within a lacZα region, and a mini-F replicon containing the rep and par genes derived 
from F-factor that serve to regulate bacmid replication and ensure equal partitioning of 
bacmid DNA to daughter cells, respectively.  Although the AcMNPV bacmid lacks 
the polyhedrin gene, the DNA remains infectious when transfected into insect cells 
and produces normal levels of BV.   (B)  A donor plasmid  containing a gentamycin 
resistance gene and multi-cloning site between the Tn-L and Tn-R transposition 
elements is used for inserting gene sequences into the polyhedrin locus of the bacmid.  
Gene fragments inserted into the multi-cloning site are driven by the polyhedrin 
promoter (Ppol) and contain a 3’ poly-A processing signal derived from SV40.  (C)  A 
helper plasmid was designed for the AcMNPV bacmid system that contains the Tn-7 
transposition genes tnsA, tnsB, tnsC, tnsD, and tnsE, which together encode the Tn-7 
transposase enzyme to facilitate tranposition between donor plasmid DNA and the 
AcMNPV bacmid.   
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BACMID MUTAGENESIS 

 

One distinct advantage of using a bacmid system in E. coli is the ease in which 

gene sequences harbored in the bacmid can be manipulated to generate mutant bacmid 

constructs.  There are currently several approaches used to modify gene sequences in 

the context of a bacmid such as RecA mediated recombination, transposon-based 

mutagenesis, and the most widely used strategy known as the lambda Red system.  

The lambda Red-based system involves a strategy that utilizes three bacteriophage 

encoded proteins to mediate homologous recombination between an engineered linear 

DNA fragment containing a selectable marker gene and a target gene of interest 

located on the bacmid (Datsenko and Wanner, 2000).  The site of recombination is 

determined by adding small DNA sequences (~30nt) that are homologous to the ends 

of the intended target gene to each end of the linear DNA fragment containing a 

selectable marker, thus allowing virtually any region of the genome to be modified.   

A diagram outlining this strategy is shown in Fig. 1.5.  Additionally, because the 

amount of homologous sequence flanking the marker gene is minimal and the DNA 

that is used for recombination is linear, recombination substrates can be easily 

synthesized by a standard PCR reaction using a basic set of primers and a plasmid 

template.  Following electroporation of the linear DNA into E. coli harboring the 

bacmid and the plasmid encoding the lambda Red recombination system, mutant 

bacmids can be isolated by selecting bacterial colonies expressing the selected marker 

gene and the DNA purified and screened by PCR to ensure recombination occurred at 

the correct locus.   

By employing the lambda Red strategy for making site-directed mutations in 

the AcMNPV bacmid, it is possible to generate mutant virus constructs as a means to 

study gene function in the context of a viral infection.  Because the infectious bacmid 

DNA isolated from E. coli can be introduced into insect cells by transfection, this 

strategy is most advantageous for characterizing genes that are essential for virus 
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replication.  This is in contrast to using the traditional co-transfection/plaque assay 

method which precludes the ability to isolate viruses containing lethal mutations.   

Successful application of the AcMNPV bacmid mutagenesis strategy was first used to 

delete the cathepsin gene from a bacmid derived from HaSNPV as proof of concept 

and was soon followed by more comprehensive studies in which bacmids lacking the 

Ac23 and lef-11 genes were characterized in insect cell culture (Lin and Blissard, 

2002; Lung et al., 2003).  Interestingly, the later study found that LEF-11 was required 

for viral DNA replication which is in contrast to the results of transient replication 

assays (Kool et al., 1994).  Although the role of LEF-11 is not understood, this 

observation highlights the advantages of being able to use the bacmid system to study 

gene function in the context of a viral infection.     

 One caveat to constructing mutations in bacmids is the potential to generate 

off-target mutations or disrupt cis regulatory elements of genes that are adjacent to the 

region that was deleted.  Therefore, prior to assessing a particular phenotype to a 

mutant bacmid, it is first necessary to make a rescued bacmid construct in which the 

DNA that was removed from the original bacmid is re-inserted into the genome at a 

different location.  With certain bacmid constructs this requirement has the potential to 

cause additional problems due to having to locate a region of the genome that could 

tolerate insertion of foreign DNA.  Fortunately, because the AcMNPV bacmid was 

designed to allow foreign DNA to be inserted into the non-essential polydedrin gene 

via transposition, this system can be easily exploited in order to generate rescued 

bacmid constructs.  A diagram outlining this strategy is shown in Fig. 1.6.      
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Fig. 1.5  Diagram outlining the strategy used to generate mutant AcMNPV bacmid 
constructs.   First a linear DNA fragment containing a chloramphenicol resistance 
gene (CAT) flanked by 30 bp of DNA homologous to the 3’ and 5’ ends of the target  
gene (black boxes) is amplified by PCR.  This linear DNA fragment is then 
electroporated into E. coli DH10B cells harboring the AcMNPV bacmid and the 
pKD46 plasmid encoding the lambda Red recombination genes.  Expression of the 
lambda Red recombination factors result in site-specific homologous recombination 
between the linear DNA fragment and the target gene on the bacmid genome.  The 
recombined bacmid (parental knockout) is then isolated by selecting for E. coli cells 
that are chloramphenicol resistant.   
 

 

Fig. 1.6  Diagram outlining the strategy used to construct a rescued bacmid by site-
specific transposition.  First, a full-length copy of the gene that was disrupted in the 
parental knockout and its native promoter is cloned into the donor plasmid containing 
a gentamycin resistance gene and the Tn-7L and Tn-7R cis-acting elements.  This 
plasmid is then transformed into E. coli DH10B cells harboring the parental knockout 
bacmid and the helper plasmid encoding for the Tn-7 transposase.  Site-specific 
insertion of the gene and promoter sequence occurs by transposition between the Tn-
7L and Tn-7R sequences located on the donor plasmid and the mini-Tn-7 attachment 
site located at the polyhedrin region of the AcMNPV bacmid.  Insertion positive 
clones are isolated by selecting for gentamycin resistance and disruption of the LacZα 
region on the bacmid.     
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Abstract 

 
Very late expression factor (VLF-1) of Autographa californica multiple 

nucleopolyhedrovirus (AcMNPV) is essential for high levels of expression of the very 

late genes p10 and polh and evidence suggests VLF-1 may also be involved in viral 

DNA replication.  In this study, investigations determined whether VLF-1 is essential 

for viral DNA replication by generating a vlf-1 knockout bacmid containing the 

AcMNPV genome through homologous recombination in Escherichia coli.  

Additionally, a vlf-1 repair bacmid was constructed by transposing the vlf-1 ORF and 

native promoter region into the polh locus of the vlf-1 knockout bacmid.  After 

transfecting these virus constructs into Sf-9 cells, the vlf-1 knockout bacmid was 

unable to produce a viral infection while the repair bacmid propagated at wild type 

levels.  Experiments were performed to conclude whether the vlf-1 knockout 

phenotype was due to a defect in viral DNA synthesis or late gene transcription.  

Southern blot analyses determined that the vlf-1 knockout bacmid was able to replicate 

viral DNA but only to about one third the level of wild type or rescued controls.  In 

addition, virion DNA was not detected in the supernatant of transfected cells 

indicating that the DNA synthesized by the mutant virus was unable to assemble into 

virions that bud out of the cells.  Analysis of viral gene transcription confirmed that 

late gene transcription was not affected by the vlf-1 knockout but transcription of the 

very late gene p10 was substantially reduced.  

 

Introduction 

 

Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is the type 

member of the Baculoviridae, a large family of double-stranded DNA viruses 

restricted to invertebrates.  AcMNPV contains a circular covalently closed genome of 

134 kbp (Ayres et al., 1994) that localizes to the nucleus upon infection to produce 
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two types of virions.  Budded virions that exit the nucleus and bud through the cell 

membrane during the late phase of infection are characterized by their ability to cause 

systemic infection within the host.  In contrast, occluded virions generated very late in 

the infection are embedded in a protein matrix comprised mostly of polyhedrin and 

remain in the nucleus until released into the environment upon the death of the host.  

The baculovirus infection cycle is regulated by a succession of early and late genes 

characterized by distinctive promoter regions (Friesen, 1997; Lu, 1997).  While the 

host RNA polymerase II mediates early gene transcription, late gene transcription 

involves a shift to the virally encoded RNA polymerase, a process that is dependent on 

the initiation of viral DNA replication (Grula, 1981; Huh and Weaver, 1990a; Yang et 

al., 1991).  Additionally, at least two late genes are also expressed at high levels 

during the very late phase of infection and are categorized as very late genes.  Because 

of the ability to express genes at high levels very late in infection, AcMNPV is widely 

used to express eukaryotic proteins in cell culture, although the mechanisms 

responsible for high-level gene expression remain unclear.   

Very late expression factor-1 (VLF-1) is a gene product of AcMNPV that is 

involved in very late gene expression and may also be involved in genome processing. 

VLF-1 was originally identified from a temperature sensitive mutant deficient in 

occlusion body formation (McLachlin and Miller, 1994).  It was subsequently revealed 

that VLF-1 acts as a very late gene transcriptional activator able to stimulate the 

expression of two very late genes p10 and polh (Yang and Miller, 1998a).  

Baculovirus very late gene transcription is initiated from a highly conserved TAAG 

motif that is also found in most late gene promoters.  However, unique to very late 

gene promoters is the addition of a “burst sequence” located between the TAAG signal 

and the translational start site that appears to enhance very late transcription (Ooi et 

al., 1989; Rankin et al., 1988).  VLF-1 has been shown to bind directly to the “burst 

sequence” and this is thought to be involved in elevating the expression of p10 and 

polh genes during the very late infection stage (Yang and Miller, 1999).   
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The VLF-1 ORF encodes a 44.4-kDa protein that shares sequence similarity 

with the tyrosine recombinase family of proteins involved in integration and site-

specific recombination (McLachlin and Miller, 1994).  Members of this family include 

the integrase protein of λ phage, cre of bacteriophage P1, FLP of Saccharomyces 

cerevisiae, and a number of homologs from prokaryotic transposons.  Their function is 

to catalyze DNA rearrangements that serve an array of biological roles including 

integration, control of plasmid copy number, gene regulation, and the decatenation of 

newly replicated genomes (Craig, 2002).  A common feature among members of this 

protein family is a highly conserved R-H-R catalytic triad and a nucleophilic tyrosine 

that is responsible for cleaving phosphodiester bonds and initiating the strand 

exchange with substrate DNA.  In VLF-1, the two arginines are conserved and the 

histidine has been substituted as in eight other known tyrosine recombinase proteins 

(Nunes-Duby et al., 1998).  Interestingly, mutation of the tyrosine residue in VLF-1 

leads to a non-viable virus, but does not affect the ability of VLF-1 to enhance very 

late gene transcription in transient assays (Yang and Miller, 1998b).  This evidence 

suggests that VLF-1 may have an additional role involved in virus production.  

Currently, little is known about the mechanism of baculovirus replication.  Previous 

evidence suggests that AcMNPV may replicate via a rolling circle mechanism similar 

to Herpesviridae (Oppenheimer and Volkman, 1997).  Additionally, plasmids 

containing homologous regions (hrs) of AcMNPV thought to serve as origins of 

replication, form large concatamers in an infection-dependent replication assay (Leisy 

and Rohrmann, 1993).  Together, these investigations have led to the proposal that a 

viral gene product may be necessary for resolving replicative intermediates into unit 

length genomes.  Interestingly, VLF-1 has been shown to bind to certain DNA 

substrates that mimic such intermediate structures.  These DNA structures include Y-

forks, three-way junctions, and cruciform DNA with VLF-1 having the highest 

affinity for cruciform structures (Mikhailov and Rohrmann, 2002b).   
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In this report we describe the construction of a vlf-1 deletion in a bacmid via 

homologous recombination to determine if VLF-1 is required for DNA replication and 

virus production.  Our results show that vlf-1 is an essential gene necessary for virus 

propagation in cell culture but is not required for the initiation of DNA replication. 

 

Material and Methods 

 
CELLS, VIRUSES, BACTERIAL STRAINS, AND ANTIBIOTICS 
 

Spodoptera frugiperda (Sf-9) cells were cultured in Sf-900 II serum-free 

medium (Invitrogen), penicillin G (50 units/ml), streptomycin (50 units/ml,Whittaker 

Bioproducts), and fungizone (amphotericin, 375 ng/ml, Invitrogen) as previously 

described (Harwood et al., 1998).  The E. coli strains BW25113 harboring plasmid 

pKD46 encoding the λ Red recombination system (Datsenko and Wanner, 2000), 

BW25141 harboring  plasmid pKD3 encoding the CAT gene (Datsenko and Wanner, 

2000) and DH10B were kindly provided by G.W. Blissard (Boyce Thompson 

Institute, Cornell University, Ithaca, NY).  The cell line DH10Bac (Invitrogen) was 

used to isolate the bacmid bMON14272 containing the AcMNPV genome and the 

helper plasmid pMON7124 encoding a transposase (Luckow et al., 1993).  The 

concentration of antibiotics used in the various steps in manipulating the bacmid and 

associated plasmids was 100 µg/ml ampicillin, 50 µg/ml kanamycin, 20 µg/ml 

chloramphenicol, 10 µg/ml tetracycline, and 7 µg/ml gentamycin.    
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GENERATION OF A VLF-1 DELETION IN AN ACMNPV BACMID AND 

TRANSFORMATION OF E. COLI DH10B CELLS  

 

 To generate a vlf-1 deletion in a bacmid containing the AcMNPV genome 

(bMON14272), a PCR based protocol was employed (Bideshi and Federici, 2000; 

Datsenko and Wanner, 2000).  A linear CAT cassette was generated containing the 

chloramphenicol acetyltransferase gene (CAT) flanked by 50 nt extension arms 

homologous to the 5’ and 3’ regions of the vlf-1 ORF to mediate recombination-

directed insertion of the CAT gene into the vlf-1 locus while concomitantly removing 

the vlf-1 ORF.  The CAT cassette was amplified from plasmid pKD3 with primers 

5’63813CAT and 3’64955CAT (Table 2.1) using Platinum Pfx DNA polymerase 

(Invitrogen) according to the manufacturer’s instructions.  The 1083-bp PCR product 

was gel purified using a QIAquick gel extraction kit (Qiagen) and digested overnight 

with DpnI to eliminate template DNA.  Finally, the linear CAT cassette was phenol-

chloroform extracted, ethanol precipitated, and suspended in 5 µl of water.   

To facilitate homologous recombination between the CAT marker gene and the 

bacmid target sequence, stably transformed E. coli DH10B cells were generated.  To 

accomplish this, separate transformations were performed with a bacmid 

(bMON14272) containing the AcMNPV genome and the temperature sensitive 

plasmid pKD46 containing the λ Red recombinase genes gamma, beta, and exo that 

encode a RecBC inhibitor, a ssDNA annealing protein, and a 5’→ 3’ dsDNA 

exonuclease respectively (Poteete, 2001).  For transformation of bacmid DNA that 

confers resistance to kanamycin, a fresh culture of DH10B cells at an OD600 of 0.5 

were made electrocompetent by washing three times with ice-cold 10 % glycerol then 

suspending the cells in 1/100th of the original culture volume.  Electroporation was 

performed using a Bio-Rad Gene Pulser II at 2.3kV, 25 µF, and 200 Ω with 40 µl of 

the cell suspension and ~50 ng of bacmid DNA in a 2 mm gap cuvette.  After 
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electroporation, the cells were recovered in 800 µl of LB broth and spread onto LB 

agar containing kanamycin.  For the second transformation, DH10B cells harboring a 

bacmid containing the AcMNPV genome were chemically transformed using a 

standard CaCl2 method (Sambrook et al., 1989) with plasmid pKD46 that confers 

resistance to ampicillin.  Transformants were then selected on LB agar containing 

kanamycin and ampicillin at 30°C to allow expression of the λ Red system.  Finally, 

the transformed DH10B cells harboring a bacmid and the pKD46 plasmid were 

prepared for electroporation with the linear CAT cassette flanked by 5’ and 3’ regions 

adjacent to the vlf-1 ORF (Muyrers et al., 1999).  First, 0.7 ml of a fresh cell 

suspension was transferred to 70 ml of fresh LB broth and cultured at 30°C.  When the 

cells reached an OD600 of 0.1 to 0.15, 0.7 ml of 10% L-arabinose was added to the 

cells to induce the expression of the λ Red recombinase system.  The cells were 

allowed to continue culturing until an OD600 of 0.3 to 0.5 was reached then washed and 

electroporated with 2 µg of linear CAT DNA using the conditions described above.  

After electroporation, the cells were recovered in 800 µl of LB broth without 

antibiotics and incubated at 37°C with gentle shaking for at least 4 h then 200 µl was 

spread on LB agar containing kanamycin and chloramphenicol and incubated at 37°C 

for 24 h.  For typical experiments, 5-10 colonies grew on the plate and these putative 

vlf-1 knockout clones were selected and screened by PCR to confirm disruption of the 

vlf-1 ORF.  
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Table 2.1  

Oligonucleotides used to construct and characterize a vlf-1 knockout 

Name Sequence 

5’63813-
CAT 

5’-CTATTCGTTGCGATAGTACAACAACGA 
TTCTCCCGACGAACCGGACGAATGGTACC 

GTGTAGGCTGGAGCTGCT-3’ 
3’64955-

CAT 
5’-ACAATGAACGGTTTTAATGTTCGCAAC 
GAAAACAATTTTAATTCTTGGAATACCC 

ATATGAATATCCTCCTTAG-3’ 
primer A 5’-TATGTCTTCTACGGTAGACTCGGTGTTC-3’ 
primer B 5’-TTGTTACACCGTTTTCCATGAGC-3’ 
primer C 5’-TCACCGTCTTTCATTGCCAT-3’ 
primer D 5’-GCGTGTACATTCTGCGGCAAGACAAT-3’ 
5’63811 5’-CGAAGCTTCTCTATTCGTTGCGATAGTA 

CAACAA-3’ 
3’65313 5’-GCGAATTCTTCCTGTTAGCAAATAAGTT 

GTAAAC-3’ 
5’ie1 5’-ATGACGCAAATTAATTTTAA-3’ 
3’ie1 5’-TTGTTCCGCAAACGTTATAG-3’ 

5’vp39 5’-ATGGCGCTAGTGCCCGTGGG-3’ 
3’vp39 5’-TTAGACGGCTATTCCTCCAC-3’ 
5’p10 5’-TTACAATCATGTCAAAGCCT-3’ 
3’p10 5’-TTACTTGGAACTGCGTTTAC-3’ 
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PCR SCREENING AND TRANSPOSITION OF BACMID CONSTRUCTS 

 

Bacmid clones isolated after recombination were screened by PCR to 

determine if the CAT cassette was inserted into the vlf-1 locus.  The bacmid PCR 

screening strategy is outlined in Fig. 2.1 and the primers used are listed in Table 2.1.  

Primers A and D are located adjacent to the vlf-1 locus at coordinates (nt 63636 to 

63664) and (nt 65544 to 65570) of the AcMNPV genome respectively (Ayres et al., 

1994), and primers B and C are specific for the CAT gene.  The primer combinations 

A+B and C+D generated PCR products of 700 and 1198-bp respectively from the vlf-1 

knockout bacmid, but were unable to amplify PCR products from the wild type (wt) 

bacmid (Fig. 2.1, A).  Additionally, the primer combination A+D generated PCR 

products of 1934-bp from the wt bacmid and 1915-bp from the vlf-1 knockout bacmid 

and subsequently analyzed by restriction enzyme digestion.  The CAT cassette 

contains two XbaI sites that produced fragments of 930, 721, and 264-bp, while the wt 

vlf-1 ORF does not contain XbaI sites (Fig. 1B, A+D-XbaI).  Conversely, the wt vlf-1 

ORF has a single SacI site producing fragments of 1073 and 861-bp and no SacI sites 

are present in the CAT cassette (Fig. 2.1).  

To monitor viral infection in cell culture from the β-glucuronidase gene (GUS) 

and to generate a vlf-1 repair bacmid, transfer plasmids were constructed for 

transposition into the polh locus of the vlf-1 knockout bacmid according to the bac-to-

bac protocol (Invitrogen).  First, the pFastBac Dual transfer plasmid (Invitrogen) 

containing two multi-cloning regions and conferring resistance to ampicillin was 

digested with SmaI and BamHI to remove the polh and p10 promoters.  Next, a GUS 

reporter gene under the control of the AcMNPV ie-1 promoter (nt 126599 to 127198) 

was inserted into the p10 multi-cloning region of the altered pFastBac Dual plasmid 

and the resulting construct was named pFbIEGUS.  To generate a vlf-1 repair bacmid, 

the pFbIEGUS transfer plasmid just described was modified to include a vlf-1 repair 
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sequence.  For this construct, the native vlf-1 ORF and promoter region (nt 63811 to 

65313) was PCR-amplified from a wt bacmid template using primers 5’63811 and 

3’65313 (Table 2.1) and inserted into the polyhedrin multiple cloning region and 

named pFbIEGUS-repair. 
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Fig. 2.1  PCR screening strategy used to confirm the deletion of the vlf-1 ORF in 
bacmid bMON14272 containing the AcMNPV genome.  (A)  Diagrams indicating the 
relative positions of primers A, B, C and D (arrows) used for PCR screening.  The top 
diagram represents a wt control bacmid containing the native vlf-1 ORF and the 
bottom diagram illustrates the organization of a putative vlf-1 knockout bacmid after 
homologous recombination with the CAT cassette.  The dashed lines indicate the 
expected size of the PCR products generated from selected primer sets.  Primers A and 
D are located outside the vlf-1 ORF and primers B and C are specific for the CAT 
cassette.  The open arrowheads indicate the relative position of the SacI and XbaI 
restriction sites.  (B) Ethidium bromide stained agarose gels showing PCR products 
amplified from primer sets (A+B), (C+D), and (A+D) using a wt (lane 2) or vlf-1 
knockout (lane 1) bacmid as the template.  The primers used are indicated under each 
panel and the expected size of the PCR products are indicated by the side arrow.  For 
PCR products generated from the primer set (A+D), the DNA was subsequently 
digested with either SacI or XbaI as indicated in parenthesis.  M indicates DNA size 
marker.  
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To prepare bacmids for transposition, the helper plasmid pMON7124 that confers 

resistance to tetracycline and encodes a transposase was transformed into DH10B cells 

harboring a vlf-1 knockout bacmid.  These cells were then transformed with transfer 

plasmid pFbIEGUS or pFbIEGUS-repair to generate a vlf-1 knockout (vAcVLF1-KO-GUS) 

or vlf-1 repair (vAcVLF1-REP-GUS) bacmid respectively (Fig. 2.2).  Additionally, DH10B 

cells harboring a wt bacmid and the helper plasmid pMON7124 were transformed 

with pFbIEGUS to generate the wt control (vAcIE-GUS) bacmid.  Following 

transposition, E. coli cells were recovered in 800 µl of LB broth without antibiotics 

and incubated at 37°C with moderate shaking for at least 4 h.  Then 100 µl of the cells 

were plated on LB agar containing kanamycin, gentamicin, tetracycline, 100 µg/ml X-

gal, and 40 µg/ml IPTG and incubated at 37°C for 24 h.  The inclusion of pUC/M13 

primer sites just outside of the transposition locus allowed for PCR screening of 

transposition positive bacmids using pUC/M13 forward and reverse primers with the 

following conditions: 93°C for 3 minutes followed by 30 cycles of 94°C for 45 

seconds, 55°C for 45 seconds, and 72°C for 6 minutes.  The relative position of the 

pUC/M13 primers and the expected size of PCR products generated from selected 

bacmid constructs is illustrated in Fig. 2.2.  Amplification across the transposition site 

of the vAcIE-GUS and vAcVLF1-KO-GUS bacmids resulted in a PCR product of 5.0-kb while 

amplification across the transposition site of the vAcVLF1-REP-GUS bacmid produced a 

PCR product of 6.5-kb (Fig 2. 3). 
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Fig. 2.2.  Diagram of the transfer plasmids used for transposition with bacmid DNA  
(A) Organization of the transfer plasmid pFbIEGUS used to transpose a GUS reporter 
gene into a vlf-1 knockout bacmid to generate vAcVLF1-KO-GUS.  The GUS reporter gene 
is under the control of the ie-1 promoter and contains an HSV tk polyadenylation 
signal.  Transposition occurs between two mini-Tn7 elements (Tn7 att) located on the 
transfer plasmid and a mini-Tn7 attachment site (attB) located at the polh locus of the 
bacmid.  (B) Organization of the transfer plasmid pFbIEGUS-repair used to transpose 
a GUS reporter gene and a vlf-1 repair fragment into a vlf-1 knockout bacmid to 
generate vAcVLF1-REP-GUS.  The vlf-1 repair sequence contains its own promoter and an 
SV40 polyadenylation signal.  Organization of the GUS gene and transposition into 
the polh locus is the same as described for pFbIEGUS above.  (C)  PCR analysis to 
confirm transposition of bacmid constructs.  The diagram shows the expected size of 
PCR products generated from vAcIE-GUS (1), vAcVLF1-KO-GUS (2), or vAcVLF1-REP-GUS (3) 
bacmids with the M13 forward (arrow) and reverse (solid arrowhead) primers.  The 
M13 priming sites are located on the bacmid just outside the transposition region.  The 
panel represents the PCR products separated on standard ethidium bromide stained 
agarose gel.  The templates used are indicated above the panel and the expected size of 
the PCR products are indicated by the side arrow.  M indicates DNA size marker.   
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BACMID PURIFICATION/TRANSFECTION 

 

After isolating the bacmid constructs vAcIE-GUS, vAcVLF1-KO-GUS, and vAcVLF1-REP-

GUS  after tranposition, the bacmid DNAs were electroporated back into E. coli DH10B 

cells and screened for tetracycline sensitivity to ensure that the isolated bacmids were 

free of helper plasmid artifacts.  Bacmid DNA was purified from 0.5 to 2 liter cultures 

using Qiagen columns or CsCl gradients.  Equimolar amounts of purified bacmid 

DNA was transfected into Sf-9 cells (2 × 106) seeded in a six-well plate using a 

cationic liposome method (Campbell, 1995).  Bacmid DNA was mixed with 200 µl of 

Sf-900 II medium containing 10 µl of liposomes and incubated at 27°C for 30-45 

minutes.  After incubation, the DNA solution was increased to 1 ml with SF 900 II 

medium and overlaid onto freshly plated Sf-9 cells and transferred to 27°C for 4 h.  

After incubation, the transfection medium was removed and the cells were replenished 

with 2 ml of fresh SF-900 II medium and returned to 27°C.   

 

GUS STAINING  

 

  To evaluate virus infection in Sf-9 cells, expression of the GUS reporter gene 

was analyzed.  Transfected or infected cultured Sf-9 cells were fixed and stained with 

X-gluc according to the Bac-to-Bac manual (Invitrogen). 

 

SLOT BLOT ANALYSIS  

 

To examine intracellular viral DNA replication, Sf-9 cells were transfected 

with vAcIE-GUS, vAcVLF1-KO-GUS, or vAcVLF1-REP-GUS bacmid DNA and at selected time 

points, cells were harvested into 1 ml PBS with a rubber policeman and 1 × 104 cells 
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were removed for analysis.  The cell pellet was suspended in 500 µl of a solution 

containing 0.4 M NaOH-10 mM EDTA, heat treated at 100°C for 10 minutes, and the 

DNA applied to Hybond-N+ nylon membrane (Amersham Biosciences) using a hybri-

slot manifold (BRL).  The blots were probed with 50 ng of wt bacmid genomic DNA 

labeled using the alkaline-phosphatase direct labeling/detection system (Amersham 

Biosciences).  Blots from three replicates of each virus construct were quantified with 

a Molecular Dynamics Personal Densitometer SI and the results analyzed with 

ImageQuant 5.2 data analysis software (Molecular Dynamics).  To examine viral 

supernatants, 500 µl of supernatant was centrifuged at 12,000 × g for 15 minutes to 

collect the virions.  Then 100 µl of viral disruption buffer (10 mM Tris-HCl-pH7.6, 10 

mM EDTA, 0.25% SDS, 50 µg/ml Proteinase K) was added followed by overnight 

incubation at 37°C.  The viral DNA was then phenol extracted, denatured in 500 µl of 

0.4 M NaOH-10 mM EDTA at 100°C for 10 minutes and then applied to a nylon 

membrane and probed with wt bacmid DNA as described above.   

 

DPNI REPLICATION ASSAY  

 

Analysis of viral replication of input DNA was performed using DpnI 

digestion with Southern blot analysis.  First, Sf-9 cells were transfected with vAcIE-GUS 

or vAcVLF1-KO-GUS bacmid DNA and at selected time-points the cells were harvested as 

described above.  Whole cell pellets were then resuspended in 500 µl of cell lysis 

buffer (10mM Tris-pH 8.0, 100 mM EDTA, 20 µg/ml RNAase A, 0.5% SDS, 20 µg of 

Proteinase K) and incubated overnight at 65°C.  The samples were phenol extracted, 

ethanol precipitated, and resuspended in 100 µl of 10 mM Tris-EDTA.  Equal amounts 

of total DNA were digested with either XhoI or XhoI and DpnI and separated on 0.7% 

agarose gel then blotted onto Hybond-N+ nylon membrane (Amersham Biosciences).  



 57 

The blots were probed with 100 ng of PCR amplified GUS DNA labeled with the 

alkaline phosphatase direct labeling/detection system (Amersham Biosciences).  

 

TOTAL RNA PURIFICATION /NORTHERN BLOTTING  

 

 To evaluate late and very late gene transcription, total RNA was isolated and 

analyzed by Northern blot.  Sf-9 cells were transfected with vAcIE-GUS, vAcVLF1-REP-GUS, 

or vAcVLF1-KO-GUS bacmid DNA and the total RNA isolated with Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions.  For Northern blots, 5 µg of 

RNA was mixed with RNA gel loading buffer (10 µl formamide, 3.5 µl 37% 

formaldehyde, and 2 µl 10× MOPS) and incubated at 65°C for 30 minutes.  Samples 

were immediately cooled on ice and 2 µl of RNA gel loading dye (50% glycerol, 1mM 

EDTA, 0.25% bromophenol blue, 0.25% xylene cyanol FF) was added.  The RNA 

was separated on a 1.2% agarose-formaldehyde denaturing gel in 1× MOPS gel 

running buffer and then transferred onto Hybond-H+ nylon membrane (Amersham 

Biosciences) with 20× SSC transfer buffer.  

  To evaluate gene expression from late and very late infection phases, gene-

specific cRNA probes were generated that would hybridize to ie-1, vp39, and p10 

transcripts respectively.  The following 5’ and 3’ primers were used to amplify gene 

specific fragments from a wt bacmid template, ie-1, vp39, and p10 (Table 2.1).  The 

resulting PCR products were cloned into pCR2.1 TOPO (Invitrogen) and used to 

generate cRNA probes with T7 RNA polymerase (Promega) and (α-32P)CTP.  The 

labeled probes were added to membranes that were prehybridized in a solution 

containing (50% formamide, 5× SSC, 5× Denhardt’s reagent, 0.1% SDS) and allowed 

to incubate at 65°C overnight.  After incubation, the membranes were washed once in 

a solution containing 2× SSC and 0.1% SDS for 15 min at room temperature and 

twice in a solution containing 0.2× SSC, 0.1% SDS for 30 min at 65°C.  
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VIRUS GROWTH CURVE   

 

To determine the titers of virus supernatants, Sf-9 cells were either transfected 

with the appropriate bacmid DNA or infected with a BV stock at a multiplicity of 

infection (MOI) of 5.  The cell monolayers were incubated for 5 h after transfection or 

1 h after infection and then washed three times with PBS and replenished with 2 ml of 

fresh SF-900II medium.  Virus supernatants from various time-points were collected 

and the titers determined with a TCID50 end-point dilution assay (O'Reilly et al., 

1992).  Because our bacmid constructs contain a GUS reporter gene, a GUS assay 

system was used to detect viral infection.  At 7 days post-transfection (p.t.) or post-

infection (p.i.), 100 µl of cell extraction buffer (50 mM sodium phosphate, 10 mM 

EDTA, 5 mM β-mercaptoethanol, 0.1% sodium n-lauroylsarcosine, 0.1% Triton X-

100) and 10 µl of a 0.7 mg/ml solution of 4-methylumbelliferyl β-D-glucuronide (4-

MUG) substate was added to each well of a 96-well plate.  The plates were then 

incubated at 37°C for 24 h and visualized under UV light to determine wells that were 

positive for viral infection.  

 

 

Results 

 
 
VIRAL REPLICATION ANALYSIS   

 

To determine whether VLF-1 is essential for viral replication, Sf-9 cells were 

transfected with bacmid DNA and analyzed for GUS activity.  Analysis of Sf-9 cells 

transfected with the vAcIE-GUS (wt control) or vAcVLF1-REP-GUS (vlf-1 repair) bacmid 

revealed obvious cytopathic effects (CPE) by 72 h p.t. and significant staining 
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throughout the cell monolayer when assayed for GUS activity at 120 h p.t. (Fig. 2.3A 

transfection).  In contrast, no CPE was observed from cells transfected with the 

vAcVLF1-KO-GUS (vlf-1 knockout) bacmid at any point during the incubation period, 

although some cells appeared positive for GUS activity when stained at 120 h p.t. (Fig. 

2.3A, arrows).  However, because no CPE was observed, this was likely due to the 

host RNA polymerase II acting on the early ie-1 promoter from the initially 

transfected cells.  

To better define the phenotype of the vlf-1-knockout bacmid, virus constructs 

were examined to determine whether they could initiate an infection by passage 

through cell culture.  For these experiments, Sf-9 cells were initially transfected with 

bacmid constructs and at 120 h p.t., the supernatants were removed and transferred to 

a new monolayer of Sf-9 cells.  After transfer of the supernatant, the cells were 

incubated for 72 h and then stained to detect GUS activity.  As expected, Sf-9 cells 

that were incubated with supernatants generated from a vAcIE-GUS or vAcVLF1-REP-GUS 

transfection showed significant CPE and GUS activity (Fig. 2.3A, infection) 

confirming the wt and vlf-1 repair bacmids could generate infectious budded virions 

from the initial transfection.  In contrast, no CPE or GUS activity was detected in Sf-9 

cells incubated with supernatant generated from a vAcVLF1-KO-GUS transfection indicating 

that the vlf-1 knockout bacmid is defective in generating a viral infection in Sf-9 cells 

(Fig. 3A, infection).  

 

To further assess whether VLF-1 is required for virus production and 

determine the replication kinetics of virus constructs, a viral growth curve analysis 

was performed.  For these experiments, Sf-9 cells were either transfected with bacmid 

DNA or infected with budded virions and at selected time-points the titers were 

determined by a TCID50 end-point assay (see Materials and Methods).  For Sf-9 cells 

transfected with the vAcVLF1-KO-GUS bacmid, a titer was undetectable at any time-point 

up to 120 h p.t. (Fig. 2.3B, transfection).  These results are in agreement with the GUS 
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activity experiments and further supports that VLF-1 is required to produce a viral 

infection.  In contrast, Sf-9 cells transfected with the vAcIE-GUS or vAcVLF1-REP-GUS 

bacmid revealed a steady increase in virus production (Fig 3B, transfection).  To 

determine more precisely whether the vlf-1 repair bacmid could replicate as well as a 

wt control bacmid, a second growth curve was established to analyze viral replication 

independent of transfection efficiency.  For this experiment, Sf-9 cells were 

synchronously infected with known amounts of budded virions generated from a 

vAcIE-GUS or vAcVLF1-REP-GUS bacmid.  The results of these growth curves revealed that 

the vlf-1 repair virus was as proficient in virus production as the wt control (Fig. 2.3B, 

infection).  Additionally, the vlf-1 repair virus showed a similar kinetic relationship to 

the wt control virus, indicating that insertion of the vlf-1 gene into the polh locus 

successfully rescued the defective phenotype of the vlf-1 knockout bacmid (Fig. 2.3B, 

infection).  Therefore, these data show that the defect in the vlf-1 knockout virus was 

due to deletion of the vlf-1 ORF and provides direct evidence that VLF-1 is required 

for viral replication in Sf-9 cells. 
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Fig. 2.3 Analysis of viral replication in Sf-9 cells.  (A)  The top panels represent Sf-9 
cells transfected with the indicated bacmid constructs, incubated for 120 h at 27° C, 
and then fixed and stained for GUS activity.  The arrows indicate cells positive for 
GUS expression after transfection with the vlf-1 knockout bacmid.  At 120 h post 
transfection, the supernatants were removed and transferred to a new monolayer of Sf-
9 cells that were subsequently incubated for 72 h and stained for GUS activity (bottom 
panel).  (B) Virus growth curves generated from a transfection or infection time-
course.  For the transfection growth curves, bacmid DNA was transfected into Sf-9 
cells and at the indicated time-points the supernatants were removed and the titers 
determined by a TCID50 end-point dilution assay.  For the infection growth curves, BV 
stocks generated from bacmids vAcIE-GUS or vAcVLF1-REP-GUS were used to infect Sf-9 
cells at an MOI of 5 and at the indicated time-points the supernatants were removed 
and the TCID50 determined.  The points indicate averages from transfections or 
infections performed in triplicate and error bars represent standard deviations.  



 62 

 

 



 63 

  

ANALYSIS OF INTRACELLULAR VIRAL DNA REPLICATION IN SF-9 CELLS 

 

To determine if VLF-1 is essential for viral DNA replication, a Southern blot 

analysis was performed with total DNA isolated from transfected Sf-9 cells.  

Replication of viral DNA was detected by hybridization with wt bacmid genomic 

DNA and quantified by measuring relative intensity.  At time zero, a similar signal for 

viral DNA was observed from cells transfected with each bacmid construct indicating 

equal amounts of input DNA (Fig. 2.4A and 2.4B).  For cells transfected with the 

vAcIE-GUS or vAcVLF-1-REP-GUS bacmid, DNA replication was first observed at 48 h p.t. 

(Fig. 2.4A and 2.4B).  Interestingly, an increase in viral DNA was also detected from 

cells transfected with the vAcVLF1-KO-GUS bacmid at 48 h p.t. indicating that VLF-1 is not 

required for viral DNA synthesis (Fig. 2.4B).  Analysis of viral DNA replication from 

72 through 120 h p.t. revealed a substantial and steady increase in viral DNA 

generated by the wt and vlf-1 repair bacmids, however, the level of viral DNA 

generated by the vlf-1 knockout bacmid did not increase (Fig. 2.4B).  Because the 

same number of cells were analyzed at each time point, these data suggest that the wt 

and vlf-1 repair bacmids can initiate secondary infection leading to an increase in the 

number of cells containing viral DNA, whereas the vlf-1 knockout bacmid can only 

replicate in cells that were initially transfected.  To determine the possibility for the 

vlf-1 knockout virus to generate budded virions from the replicated DNA, a slot blot 

analysis was performed with supernatants from Sf-9 cells transfected with the vAcIE-

GUS or vAcVLF1-KO-GUS bacmid.  A strong signal for viral DNA was detected with 

supernatant from cells transfected with the wt control bacmid at 96 h and 120 h post 

transfection (Fig. 2.4C).  In contrast, no signal was detected above the background 

level at any time-point with supernatant from cells transfected with the vlf-1 knockout 

bacmid (Fig.2.4C).  Therefore, although not required for viral DNA synthesis, VLF-1 

is required for the production of infectious budded virions in cell culture.  
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To characterize the DNA synthesized at early time points and to discriminate 

between input and replicated DNA, a DpnI-based Southern blot analysis was 

performed with total DNA isolated from transfected Sf-9 cells.  DpnI digests DNA 

that is methylated at its restriction site by a bacteria-specific dam methylase.  

However, DNA that is replicated in eukaryotic cells is un-methylated at this site and 

resistant to DpnI digestion.  Since bacmid constructs are propagated in E. coli, all 

input DNA is sensitive to DpnI leaving only viral DNA that has undergone replication 

in Sf-9 cells detectable on a Southern blot.  For these experiments, total DNA isolated 

from transfected Sf-9 cells was treated with XhoI or XhoI and DpnI to release a 4.2-kb 

genomic fragment that would hybridize to a labeled GUS DNA probe and allow 

detection of newly replicated viral DNA.  At time zero, a signal was detected for viral 

DNA from cells transfected with the vAcIE-GUS or vAcVLF1-KO-GUS bacmid in the control 

samples (XhoI) and not the DpnI treated samples demonstrating that input DNA was 

sensitive to DpnI (Fig. 2.4D).  Analysis of DNA from vAcIE-GUS transfected cells 

indicated a DpnI resistant band was first observed at 24 h p.t. and became more 

intense as the time-course progressed (Fig.2.4D).  This indicates that under the 

conditions tested, the wt control bacmid can accumulate enough newly replicated 

DNA to be detectable by 24 h post transfection.  Interestingly, analysis of DNA from 

cells transfected with the vAcVLF1-KO-GUS bacmid also revealed a DpnI resistant band at 

24 h p.t. indicating that onset of viral DNA synthesis was not affected by the vlf-1 

deletion (Fig. 2.4D).  Therefore, VLF-1 does not appear to be directly involved in the 

early stages of viral DNA replication, suggesting that the requirement for vlf-1 in virus 

production may be related to genome processing during the later stages of virus 

production.   
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Fig. 2.4   Analysis of viral DNA replication.  (A)  A Southern blot analysis 
representing intracellular viral DNA replication in transfected Sf-9 cells.  At the 
indicated time points, 1×104 cells were removed, processed, and applied to a nylon 
membrane using a slot blot apparatus.  Hybridization was performed with wt bacmid 
genomic DNA labeled with the alkaline phospatase direct labeling system 
(Amersham).  (B)  A bar graph representing quantitative analysis of viral DNA 
replication detected from three replicates of the Southern blot shown in panel A.  The 
blots were analyzed with a densitometer and the data used to determine the average 
intensity and the standard deviation.  (C) A Southern slot blot analysis of viral DNA 
detected with supernatant from Sf-9 cells transfected with wt control or vlf-1 knockout 
bacmid DNA.  For the post-transfection time-points indicated, virions were isolated 
from the supernatant and the viral DNA extracted and applied to a nylon membrane 
using a slot blot apparatus.  The membrane was subsequently hybridized with wt 
bacmid genomic DNA labeled with the alkaline phospatase direct labeling system 
(Amersham). (D) A DpnI-based Southern blot analysis.  Sf-9 cells were transfected 
with bacmids vAcIE-GUS or vAcVLF1-KO-GUS and at the indicated time points the total 
cellular DNA was isolated and treated with either XhoI (−) or XhoI and DpnI (+).  The 
membrane was analyzed with a GUS DNA probe that hybridizes to a 4.2-kb XhoI 
fragment as indicated by the side arrow.  The wt control consisted of vAcIE-GUS bacmid 
DNA purified from E. coli.   
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ANALYSIS OF VIRAL GENE TRANSCRIPTION  

 

To analyze the effect of VLF-1 on viral gene expression, a Northern blot 

analysis was performed.  Total RNA was isolated from Sf-9 cells transfected with 

bacmid DNA and examined at selected times during the infection cycle.  For these 

experiments, ie-1, vp39, and p10 were investigated.  Ie-1 is expressed at both early and 

late times, whereas vp39 and p10 are expressed late and very late, respectively.  

Analysis of ie-1 and vp39 expression revealed similar levels of RNA in cells at 24 and 

48 h p.t. indicating that VLF-1 does not affect their transcription at these time-points 

(Fig. 2.5).  When ie-1 and vp39 expression was analyzed at 72 h p.t., a decrease in 

RNA was observed from cells transfected with the vlf-1 knockout bacmid compared to 

the wt and vlf-1 repair bacmids (Fig. 2.5, ie-1 and vp39, 72 h). This decrease can be 

attributed to the lack of secondary infection.  In contrast, analysis of very late gene 

expression revealed a marked reduction in p10 RNA from cells transfected with the 

vAcVLF1-KO-GUS bacmid when compared to the vAcIE-GUS control bacmid at 48 h p.t. (Fig. 

2.5, p10).  The difference in the level of p10 expression observed in these cells is 

clearly a result of the vlf-1 deletion since analysis of late genes at this time-point 

showed uniform levels of RNA.  Furthermore, analysis of p10 RNA from cells 

transfected with the vAcVLF1-REP-GUS bacmid showed p10 transcription levels similar to 

the wt control.  Therefore, consistent with previous data (McLachlin and Miller, 

1994), VLF-1 does not appear to affect late gene transcription but does affect the very 

late expression of p10.  
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Fig. 2.5  A Northern blot analysis of viral gene expression in Sf-9 cells transfected 
with bacmid DNA.  At 24, 48, and 72 h post-transfection, total cellular RNA was 
isolated and 5 µg was applied to each lane for analysis.  Gene-specifc cRNA probes 
for the genes ie-1, vp39, and p10 were used to examine late and very late gene 
expression.  The bacmids used for transfections are indicated above the panel and the 
gene-specific probes used for hybridization are indicated on the left.  The size of the 
expected transcript is indicated in kilobases on the right.  
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Discussion 

 
VLF-1 was originally identified as an ORF containing a temperature sensitive 

mutation that resulted in reduced levels of polyhedrin production (McLachlin and 

Miller, 1994).  Subsequent studies designed to investigate the biological activity of 

VLF-1 involved attempts to isolate a vlf-1 null virus and generate recombinant viruses 

that harbored mutations in amino acids conserved among members of the integrase 

family.  Mutations of amino acids conserved among integrase homologs did not 

produce a viable virus and a vlf-1 null virus was not isolated (Yang and Miller, 

1998b).  Additionally, it was determined that VLF-1 was present in both occluded and 

budded virions as a component of the nucleocapsid (Yang and Miller, 1998b).  These 

data led to the proposal that VLF-1 most likely has an essential function required for 

viral replication, although these previous experiments did not examine the role of vlf-1 

in the context of viral DNA replication.  In this report, an efficient method to generate 

a vlf-1 gene deletion in the AcMNPV genome propagated as a bacmid in E. coli 

(Bideshi and Federici, 2000; Datsenko and Wanner, 2000) was used to examined the 

ability of the resulting virus to replicate in Sf-9 cells.  

Initial experiments to analyze the vlf-1 knockout bacmid revealed a phenotype 

that was defective in virus production apparently due to the inability to generate 

budded virions.  The defective phenotype was then rescued by generating a repair 

virus that contained a vlf-1 coding fragment transposed into the polh locus of the vlf-1 

knockout bacmid.  This confirmed that the phenotype observed in the vlf-1 knockout 

virus was due to deletion of the vlf-1 gene and not from a secondary mutation or 

disruption of regulatory elements located at the vlf-1 locus.  Subsequent experiments 

designed to determine if VLF-1 is required for viral DNA replication indicated that 

when transfected into Sf-9 cells, the vlf-1 knockout bacmid was proficient in viral 

DNA replication but only to about one third the level of the wt control.  Additionally, 
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DpnI-based Southern blot analyses indicated that the onset of viral DNA replication 

appeared to be similar between the vlf-1 knockout and wt viruses.  Because the vlf-1 

mutation did not effect the initiation of viral DNA replication, but had an effect on 

budded virus (BV) production and the ultimate level of DNA replication, VLF-1 could 

be involved in the later stages of the replication cycle such as genome processing or 

packaging.  We also confirmed that vlf-1 does not affect late gene transcription but 

does affect the levels of very late gene transcription.  Finally, we showed that there 

were no detectable DNA-containing virions released from Sf-9 cells transfected with a 

vlf-1 knockout bacmid.  Therefore, whereas VLF-1 is not required for the initiation of 

DNA synthesis, it is essential for the production of DNA-containing budded virions.  

The inability of the VLF-1 knockout mutant to produce mature genomes that can 

assemble into nucleocapsids and bud from the cell would explain the lack of infectious 

virus production.  

 The strong sequence similarity of VLF-1 to members of the tyrosine 

recombinase family of proteins (McLachlin and Miller, 1994) suggests that VLF-1 

may be involved in a recombination-based function during replication.  Although the 

mechanism of baculovirus replication remains unclear, evidence supports that 

replication may involve the production of larger than unit length concatamers that is 

indicative of a rolling circle type mechanism (Leisy and Rohrmann, 1993; 

Oppenheimer and Volkman, 1997).  Additionally, it has been shown that in an 

infection dependent replication assay, plasmid DNA can become integrated with 

baculovirus genomic DNA presumably through recombination that appears to be 

independent of sequence specificity (Wu et al., 1999).  Other large DNA viruses such 

as T4 and λ bacteriophage initiate replication via a rolling circle or theta replication 

mechanism, respectively, but then shift to a mode of replication that involves 

recombination through multiple pathways (Mosig, 1998; Stahl et al., 2001).  A similar 

model for HSV-1 has been proposed by suggesting that replication is dependent on 

recombination to resolve complex branched DNA structures consisting of X and Y 
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like junctions (Severini et al., 1996).  Interestingly, previous biochemical analysis 

showed that VLF-1 can bind to certain structures designed to mimic DNA replicative 

intermediates like those identified in HSV-1 (Mikhailov and Rohrmann, 2002b).  

However, under the conditions tested, VLF-1 did not resolve cruciform DNA 

structures indicating the enzymatic activity of VLF-1 may require host factors or other 

viral proteins or that there is a sequence specificity that has not yet been identified.  

Currently it is unknown if baculovirus replication is dependent on recombination, 

although considering the fact that many baculovirus genomes contain homologous 

regions and encode enzymes related in both sequence and function to the λ Red 

homologous recombination system (Mikhailov et al., 2003a) may suggest such a 

mechanism is present.  Recently, Okano et al, 2004 have shown that a bacmid lacking 

a homolog of this recombination system presents a phenotype similar to the vlf-1 

knockout bacmid described in this report providing additional evidence that a genome 

processing mechanism is necessary for baculovirus replication.   

 VLF-1 was originally predicted to serve an important if not essential role in 

viral replication (Yang and Miller, 1998b).  The data in this report confirm this 

prediction and provides evidence to suggest that VLF-1 has an essential role during 

the late stages of viral replication most likely related to genome maturation.  

Experiments are currently underway to determine how VLF-1 functions in this 

process.   
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Abstract 

In a previous study, the DNA polymerase gene (dnapol) of Autographa 

californica multiple nucleopolyhedrovirus (AcMNPV) was identified as one of six 

genes required for plasmid replication in a transient replication assay (M. Kool, C. 

Goldbach, G.F. Rorhmann, and J.M. Vlak (1994). Proc. Natl. Acad. Sci. USA 91, 

11212-11216), however another study based on a similar approach reported that the 

virally encoded polymerase was only stimulatory (A. Lu and L.K. Miller (1996). J. 

Virol. 69, 975-982).  To reconcile the conflicting data and determine if the AcMNPV 

DNA polymerase is required for viral DNA replication during the course of an 

infection, a dnapol-null virus was generated using bacmid technology.  To detect viral 

DNA replication, a highly sensitive assay was designed based on real-time PCR and 

SYBR green chemistry.  Our results indicate that a bacmid in which the dnapol ORF 

was deleted is unable to replicate its DNA when transfected into Sf-9 cells, although 

when the dnapol ORF was introduced into the polyhedrin (polh) locus, this repaired 

virus could propagate at wild type levels.  These results confirm that the AcMNPV 

encoded DNA polymerase is required for viral DNA replication and the host DNA 

polymerases cannot substitute for the viral enzyme in this process.  
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Introduction 
 Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is 

the type member of the Baculoviridae, a large family of viruses containing circular, 

supercoiled, double-stranded DNA genomes.  Infectious predominantly to certain 

members of the insect order Lepidoptera, baculoviruses have often been exploited to 

express eukaryotic genes in cell culture.  Although the mechanism of baculovirus 

DNA replication is not well understood, evidence suggests replication may proceed 

via a rolling circle mechanism forming larger than unit length concatamers (Leisy and 

Rohrmann, 1993; Oppenheimer and Volkman, 1997; Wu et al., 1999).  Evidence also 

indicates that AcMNPV DNA replication may initiate at homologous regions (hrs) 

composed of one to eight copies of an imperfect palindrome flanked by a direct repeat 

sequence that also serve as transcriptional enhancers in transient assays (Guarino et 

al., 1986; Kool et al., 1993; Pearson et al., 1992).  Observations that DNA polymerase 

activity was induced in baculovirus infected cells led to the discovery of the AcMNPV 

DNA polymerase which was identified due to highly conserved amino acid sequences 

found in several other viral DNA polymerases such as herpes simplex virus type 1 

(HSV-1) and vaccinia virus (Tomalski et al., 1988).  The dnapol ORF is transcribed in 

the early stage of infection and translated into a 114-kDa polypeptide.  It has been 

shown to polymerize deoxyribonucleotides complimentary to single-stranded DNA 

templates in the absence of helix destabilizing proteins, and to possess an intrinsic 

3’→5’ exonuclease activity (Hang and Guarino, 1999; Mikhailov et al., 1986). 

Previous investigations involving a transient replication assay identified six 

baculovirus genes essential for replication of a plasmid containing the AcMNPV hr2 

as the origin of replication (Kool et al., 1994).  These genes encode an activator of 

transcription (ie-1); a helicase (p143); a DNA polymerase (dnapol); and three late 

expression factors (lefs) that encode a primase (lef-1); a primase accessory factor (lef-

2); and a single-stranded DNA binding protein (lef-3).  In contrast, another group 

using a similar transient replication assay system was able to detect replication of a 
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reporter plasmid containing AcMNPV hr5 at 11% the normal level when the dnapol 

gene was omitted (Lu and Miller, 1995).  The observation that sub-optimal levels of 

replication could occur in the absence of the dnapol gene suggested the possibility that 

a host DNA polymerase might functionally interact with the other viral replication 

factors.  This explanation is in agreement with the results of substitution experiments 

that showed the DNA polymerase from Orgyia pseudotsugata multiple 

nucleopolyhedrovirus (OpMNPV), which is about 60% identical to the AcMNPV 

DNAPOL, and a distantly related polymerase from an ascovirus can functionally 

replace the AcMNPV DNA polymerase in transient replication assays (Ahrens and 

Rohrmann, 1996; Pellock et al., 1996).  Additionally, for HSV-1 which shares many 

similar features to baculoviruses, the origin binding protein (UL9) has been shown to 

interact with the host cell DNA polymerase α suggesting its involvement in the 

initiation of viral replication (Lee et al., 1995).  In this report, we investigate whether 

replication of a dnapol-null virus can occur when transfected into Sf-9 cells.  In 

addition, we compared the levels of replication with a 'repaired' virus in which the 

DNA polymerase was inserted into the polh locus and two other viruses that contained 

gene deletions of either alkaline nuclease or very late expression factor-1.  These latter 

two viruses have been shown to be impaired for DNA replication (Okano et al., 2004; 

Vanarsdall et al., 2004). 

 

 

Materials and methods 

 

CELLS AND ANTIBIOTICS 

Spodoptera frugiperda (Sf-9) cells were cultured in Sf-900 II serum-free 

medium (Invitrogen) with added penicillin G (50 units/ml), streptomycin (50 

units/ml,Whittaker Bioproducts), and fungizone (amphotericin, 375 ng/ml, Invitrogen) 

as previously described (Harwood et al., 1998).  
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BACMID CONSTRUCTION, PURIFICATION, AND TRANSFECTION 

  

To delete the DNA polymerase gene from the AcMNPV genome propagated as 

bacmid bMON14272 in Escherichia coli, a method involving homologous 

recombination with the λ Red system was employed as previously described 

(Datsenko and Wanner, 2000; Vanarsdall et al., 2004).  Briefly, a linear 

chloramphenicol acetyltransfease gene (CAT) was PCR amplified from plasmid pKD3 

(Datsenko and Wanner, 2000) with primers 52329CAT and 55333CAT (Table 1) that 

contain 50 nt flanking regions homologous to the 5’ and 3’ end of DNA polymerase 

ORF.  Homologous recombination between the CAT gene and the dnapol ORF was 

accomplished by electroporating 500 ng of the linear CAT fragment into E. coli 

DH10B cells harboring the bacmid bMON14272 and plasmid pKD46 (Datsenko and 

Wanner, 2000) encoding the λ Red recombinase genes.  Bacmid containing clones 

were selected on LB agar containing kanamycin and chloramphenicol and screened by 

PCR to confirm the deletion of the dnapol ORF.  To introduce the GUS marker gene 

for monitoring viral replication in cell culture and to generate a dnapol repair virus, a 

method involving transposition at the polh gene region with the transfer plasmids 

pfbIEGUS and pfbIEGUS-repair was performed as previously described (Vanarsdall 

et al., 2004).  The dnapol repair fragment was PCR amplified with primers 

52314Hind3 and 55539XhoI (Table 1) that produces an AcMNPV genomic fragment 

corresponding to (nt 52314 – 55539) and includes the dnapol ORF and promoter 

region.  

Bacmid DNA was purified from 2-liter cultures using CsCl gradients with 

ultracentrifugation.  Equimolar amounts of purified bacmid DNA was transfected into 

Sf-9 cells (2×106) seeded in a six-well plate using a cationic liposome method 

(Campbell, 1995).  Bacmid DNA was mixed with 200 µl of Sf-900 II medium 

containing 10 µl of liposomes and incubated at 27°C for 30-45 minutes.  After 
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incubation, the DNA solution was increased to 1 ml with SF 900 II medium and 

overlaid onto freshly plated Sf-9 cells and transferred to 27°C for 4 h.  After 

incubation, the transfection media was removed and the cells were replenished with 2 

ml of fresh SF-900 II medium and returned to 27°C. 

VIRAL GROWTH CURVE ANALYSIS 

To analyze the growth rate of the virus constructs, Sf-9 cells were transfected 

with 5 µg of the appropriate bacmid DNA as described above and at the indicated 

time-points, the supernatants were collected and the titers determined with a TCID50 

end-point dilution assay described by (O'Reilly et al., 1992) with minor modifications.  

At 5 days post-infection, 100 µl of cell extraction buffer (50 mM sodium phosphate, 

10 mM EDTA, 5 mM β-mercaptoethanol, 0.1% sodium n-lauroylsarcosine, 0.1% 

Triton X-100) and 10 µl of a 0.7 mg/ml solution of 4-methylumbelliferyl β-D-

glucuronide (4-MUG) substrate was added to each well of a 96-well plate. The plates 

were then incubated at 37°C for 24 h and visualized under UV light to determine wells 

that were positive for viral infection.  

 

 

REAL-TIME PCR   

 

To detect viral DNA replication by real-time PCR, primers were designed 

using the Primer Express software (PE Applied biosystems). The primers termed 

65972F and 66072R (Table1) corresponds to AcMNPV genomic coordinates nt 

65972-65992 and 66054-66072, respectively (Ayres et al., 1994) and amplify a 100 bp 

region within the gp41 ORF.  Located in this region are four DpnI restriction sites that 

allow for discrimination between input and replicated DNA.  Upon treatment with 
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DpnI, the input bacmid DNA propagated in E. coli is methylated at this site by a 

bacteria-specific dam methylase and sensitive to digestion, whereas the DNA 

replicated in Sf-9 cells will not be methylated at this site and will be resistant to 

digestion. To prepare total DNA for analysis, Sf-9 cells were transfected with 5 µg of 

bacmid DNA and at the indicated time-points the cells were harvested into 1 ml PBS, 

lysed in 500 µl cell lysis buffer (10mM Tris-pH 8.0, 100 mM EDTA, 20 µg/ml 

RNAase A, 0.5% SDS, 20 µg of Proteinase K), and incubated overnight at 65°C. Total 

DNA was phenol extracted, ethanol precipitated, and suspended in 100 µl of water.  

DNA concentrations were quantified with PicoGreen dsDNA Quantification Reagent 

(Molecular Probes) according to the manufacturer’s instructions.  Prior to PCR, 20 ng 

of total DNA from each time-point was digested with 10 units of DpnI restriction 

enzyme (Fermentas) for 24 h in 50 µl total reaction volume.  A 12.5 µl aliquot (5 ng of 

DNA) was removed from the digestion reaction and mixed with an equal volume of 

Platinum SYBR Green qPCR SuperMix UDG (Invitrogen).  PCR was performed with 

an ABI Prism 7000 sequence detection system with 40 cycles using the following 

conditions: 50°C for 2 min, 95°C for 2 min, and 45 cycles of 95°C for 30 s and 60°C 

for 30 s and 500 nM of each primer.  
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Table 3.1  

Oligonucleotides used to construct and characterize a dnapol knockout bacmid 

Application: Primer: Sequence:  
52329cat TTTATTTTTTCATTTTATACAAACAAAATTTATACGT 

ATTGTTAGCACATGGTACCGTGTAGGCTGGAGCTGCT 

homologous 
recombination 

55333cat CGTGTTGACGTCTGTGCCTCCATATTTGGGCCATCG 
CTGCATATTTAAAATACCCATATGAATATCCTCCTTA
G 

   51825F ACACAGAATTGCGATCGTTTGAACCG dnapol locus 

55796R CCAGTTCAGACTCCTCCTCGTTAGTC 
   52314Hind3 GCAAGCTTTATAATTATAAACTTTATTTTTTCAT dnapol repair 

fragment 55539XhoI CGCTCGAGGTGTTGATATCTCGGCCGGCGAAATC 
   65972F CGTAGTGGTAGTAATCGCCGC real-time PCR 

66072R AGTCGAGTCGCGTCGCTTT 
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Results and discussion 

 

CONSTRUCTION OF AN ACMNPV BACMID LACKING THE DNA 

POLYMERASE GENE AND CONSTRUCTION OF A ‘REPAIR’ VIRUS 

 

In order to examine the ability of AcMNPV to replicate in the absence of the 

dnapol gene, we used bacmid technology to generate mutant viruses lacking dnapol or 

‘repaired’ with the dnapol gene transposed into the polh locus.  A β-glucuronidase 

(GUS) reporter gene under control of the early ie-1 promoter was also transposed into 

the virus constructs to monitor viral infection using a chromogenic assay.  The 

diagram in Fig. 3.1A outlines the organization of the control (Ac-GUS), dnapol 

knockout (dnapol-KO), and dnapol ‘repair’ (dnapol-REP) bacmids used in this study.  

To verify the deletion of the dnapol ORF in the parent virus and ensure the subsequent 

transposition of the GUS reporter gene and dnapol ‘repair’ fragment occurred at the 

correct location, PCR analysis was performed.  Using primers designed to amplify 

across the dnapol locus (Table 3.1) generated a 3.9 kb PCR product from the control 

bacmid containing the dnapol ORF, whereas the same primer set generated a 1.9 kb 

PCR product from the dnapol-KO bacmid (Fig. 3.1B).  Similarly, amplification from 

pUC/M13 priming sites that flank the polh region indicated transposition of the 2.5 kb 

GUS fragment in all bacmid constructs as well as the 3.2 kb repair fragment present in 

the dnapol-REP bacmid (Fig. 3.1C).  Therefore, these data confirm the insertion of the 

expected gene products into our bacmid constructs.  
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Fig. 3.1 Organization and characterization bacmids constructs.  (A) Organization of 
the control (Ac-GUS), dnapol knockout (dnapol-KO), and dnapol repair (dnapol-
REP) virus constructs derived from the commercially available bacmid bMON14272 
(Invitrogen).  To serve as a control virus, a bacmid containing the native dnapol ORF 
was transposed with a β-glucuronidase (GUS) gene at the polyhedrin (polh) locus 
according to the bac-to-bac protocol (Invitrogen).  A DNA polymerase knockout virus 
(dnapol-KO) was generated by transposing a GUS reporter gene into the polh locus as 
just described and by replacing the dnapol ORF with a chloramphenicol resistance 
gene (CAT) gene via homologous recombination using the λ Red system (see 
Materials and methods).  To serve as a repair virus (dnapol-REP), a genomic fragment 
containing the dnapol ORF and promoter region (dnapol repair) was transposed into 
the polh region of a dnapol-KO bacmid in addition to the GUS reporter gene.  The 
closed arrows flanking the polh locus represent pUC/M13 forward and reverse primer 
annealing sites and the open arrows flanking the dnapol locus represent the annealing 
sites for primers 58125F and 55796R (Table 3.1).  A 1.5 kb gentamicin resistance 
gene (Gm) is present at the polh locus as a result of transposition from the transfer 
plasmid.  (B) Ethidium bromide-stained agarose gels of PCR products generated with 
primers 51825F and 55796R designed to amplify across the dnapol locus of the 
different bacmid constructs to comfirm deletion nof the dnapol gene. The templates 
used are indicated above the panels and the side arrows indicate the expected size of 
the PCR products.  M represents DNA size marker.  (C) Ethidium bromide-stained 
agarose gels of PCR products generated with with pUC/M13 forward and reverse 
primers that amplify across the polh locus of the indicated bacmid constructs to 
confirm transposition of the target gene.  The templates used are indicated above the 
panels and the side arrows indicate the expected size of the PCR products.  M 
represents DNA size marker.  
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VIRUS GROWTH CURVE ANALYSIS 
 

To examine the ability of the dnapol-KO and dnapol-REP viruses to replicate 

in cell culture, we transfected these virus constructs into Sf-9 cells and compared 

GUS expression and cytopathogenic effects (CPE) to the control virus.  Whereas, 

both the control and dnapol-REP virus showed widespread GUS expression and 

extensive CPE, cells transfected with the dnapol-KO virus showed isolated GUS 

expression from the initially transfected cells and no evidence of CPE (data not 

shown).  To detect low levels of replication by the dnapol-KO virus and ensure that 

secondary mutations were not acquired during manipulation of the bacmids, growth 

curve analyses were performed.  For these experiments, Sf-9 cells were transfected 

with bacmid DNA and at the indicated time-points the titers of the supernatant were 

determined by an end-point dilution assay utilizing the GUS reporter gene (O'Reilly 

et al., 1992).  For both the control and dnapol-REP virus constructs, a steady increase 

in virus production was observed throughout the time-course (Fig. 3.2).  

Additionally, the dnapol-REP virus displayed a kinetically similar growth rate as the 

control virus indicating that the dnapol ORF in the polh locus rescued the dnapol-KO 

virus.  No titer was detected for cells transfected with a dnapol-KO virus at any time-

point (Fig. 3.2).  Therefore, these results indicate that the defective phenotype of the 

dnapol-KO virus construct is directly due to the deletion of the dnapol ORF.  
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Fig. 3.2  Viral growth curve analysis.  To analyze the growth rate of the virus 
constructs, Sf-9 cells were transfected with 5 µg of the appropriate bacmid DNA as 
described above and at the indicated time-points, the supernatants were collected 
and the titers determined with a TCID50 end-point dilution assay described by 
(O'Reilly et al., 1992) with minor modifications.  At 5 days post-infection, 100 µl 
of cell extraction buffer (50 mM sodium phosphate, 10 mM EDTA, 5 mM β-
mercaptoethanol, 0.1% sodium n-lauroylsarcosine, 0.1% Triton X-100) and 10 µl 
of a 0.7 mg/ml solution of 4-methylumbelliferyl β-D-glucuronide (4-MUG) 
substrate was added to each well of a 96-well plate. The plates were then incubated 
at 37°C for 24 h and visualized under UV light to determine wells that were 
positive for viral infection.  
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REAL-TIME PCR ANALYSIS 

 

Although we obtained no evidence for viral replication by the dnapol-KO virus 

by examining cells for GUS expression and virus production, this did not rule out the 

possibility that synthesis of viral DNA had preceded aberrantly such that either non-

viable virions were produced or were below the level detectable by titer assays.  To 

investigate this possibility, we performed a replication assay with Sf-9 cells 

transfected with bacmid DNA using a quantitative and highly sensitive method based 

on real-time PCR and SYBR green chemistry.  The strategy used to detect replicated 

viral DNA involved designing primers that would amplify a 100 bp genomic fragment 

at a region containing four DpnI restriction sites (Table 3.1).  Treatment of bacmid 

DNA with DpnI after transfection should digest the input DNA at four positions 

within the target DNA and thereby prevent it from amplification in the real-time PCR 

reaction.  For positive controls that replicate their DNA at sub-optimal levels, we used 

AcMNPV bacmid genomes lacking either very late expression factor-1 (vlf-1) or 

alkaline nuclease (an).  It has been shown previously that these bacmids replicate 

DNA only in the initially transfected cells (Okano et al., 2004; Vanarsdall et al., 

2004). 

To quantify viral DNA replication in Sf-9 cells, a six-step standard calibration 

curve was generated with triplicate samples of purified bacmid DNA serially diluted 

from 50 to 0.0005 ng.  A highly reproducible linear curve was generated when the log 

concentration of purified bacmid DNA was plotted against the cycle threshold 

allowing accurate estimation of viral DNA present in the transfected cells (Fig. 3.3A).  

To confirm that the SYBR green fluorescence was due to its specific binding to 

double-stranded DNA, a dissociation curve was produced.  These data showed that all 

the PCR products were denatured to single-stranded DNA at about 85°C indicating 

specific amplification of a homogenous DNA sequence (Fig. 3.3B).  The replication 

levels of our virus constructs determined by real-time PCR analysis are presented by 
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the bar graph in Fig. 3.3C.  As would be expected for the control virus, a steady 

increase in viral DNA was detected during the experiment ultimately resulting in a 

400-fold increase.  Analysis of the vlf-1- and an-knockout bacmids revealed a 13-fold 

and 10-fold increase in viral DNA at 48 h pt, respectively, with no further increase at 

the subsequent time-points.  As previously suggested, this block of further DNA 

synthesis is likely due to the inability of these bacmids to initiate secondary infection.  

It was previously shown using slot blot assays that these viruses could amplify DNA 

to about 20% the level of the control virus at 120 h pt (Okano et al., 2004; Vanarsdall 

et al., 2004), however the real-time PCR assay indicated replication levels at this time-

point of 4% and 7%  for the vlf-1- and an-knockout bacmids, respectively (Fig. 3C).  

We attribute the difference to the non-linear nature of the signal on the Southern blot 

used in the previous studies.  In contrast, no increase in viral DNA replication was 

detected in Sf-9 cells transfected with the dnapol-KO virus at any time up to 120 h pt 

(Fig. 3.3C).  Trace amounts of DpnI resistant PCR-amplified DNA were detectable, 

but since this DNA was present at 0 h pt and did not increase over time, we attribute it 

to low levels of hemimethylated or unmethylated (DpnI resistant) DNA present in the 

original bacmid preparation.  This was further supported by our observation that 

amplification of other regions of the AcMNPV genome containing fewer DpnI 

restriction sites in the target sequence produced higher background levels (data not 

shown).   
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Fig. 3.3  Real-time PCR analysis of viral DNA replication.  (A) A standard calibration 
curve generated from triplicate samples of purified bacmid DNA serially diluted from 
50 to 0.0005 ng.  The cycle threshold (Ct) corresponds to the number of cycles needed 
to reach a fluorescence level above the predetermined background level and has been 
shown to be inversely proportional to the initial amount of target DNA.  (Correlation 
value = 0.998)  (B) Dissociation curve of amplified PCR products.  The curve was 
generated by subjecting PCR products to a step-wise increase in temperature and 
monitoring fluorescence levels.  The single peak at ~85°C indicates a single PCR 
product was produced and the flat line for the no template control (NTC) indicates 
negligible background.  The y-axis value -dRFU/dT indicates the first negative 
derivative of the temperature verses fluorescence.  (C) Quantitative analysis of 
replicated bacmid DNA detected in transfected Sf-9 cells.  Total cellular DNA was 
isolated from triplicate transfections for each time-point, digested with DpnI 
restriction enzyme, and analyzed by real-time PCR.  The points indicate the averages 
and the error bars represent the standard deviation. 
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The fact that Lu and Miller (1995) could detect replication of their reporter 

plasmid at 11% the control level suggested that a host DNA polymerase has the ability 

to extensively synthesize nascent DNA using the origin-containing plasmid as a 

template.  Such DNA synthesis might be initiated at random nicks in the input DNA.  

However, the host DNA polymerase must have copied all the DpnI sites on at least 

one strand because the resistant DNA was the same size as the linearized input 

plasmid.  In contrast to the transient assay, the bacmid transfection assay requires 

complete replication and processing of the whole genome in order to generate an 

infectious product.  We did not detect replication of the dnapol-KO bacmid in the 

transfection assay (Fig. 3.2).  Even if limited bacmid synthesis may have been 

initiated, replication was not complete.  In addition, we did not detect measurable 

DNA synthesis in cells transfected with the dnapol-KO bacmid using real-time PCR 

analysis (Fig. 3.3).  Therefore, our data indicates that the viral DNA polymerase is 

essential for AcMNPV replication and suggests that the plasmid replication observed 

previously by using the transient replication assay reflects an artifact of that system. 
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Abstract 

  

Very late expression factor-1 (VLF-1) of Autographa californica multiple 

nucleopolyhedrovirus (AcMNPV) is a putative tyrosine recombinase and is required 

for both very late gene expression and BV production in cell culture.  In this report, 

we show that a vlf-1 knockout bacmid is able to synthesize viral DNA to levels similar 

to that detected for a gp64 knockout bacmid that serves as a non-infectious control 

virus.  Additionally, analysis of replicated bacmid DNA by field-inversion gel 

electrophoresis indicated that VLF-1 is not required for synthesizing high molecular 

weight intermediates that could be resolved into unit-length genomes when cut at a 

unique restriction site.  However, immunoelectron microscopic analysis revealed that 

in cells transfected with a vlf-1 knockout bacmid, aberrant tubular structures 

containing vp39 were observed suggesting that this virus construct was defective in 

producing mature capsids.  In contrast, rescuing the vlf-1 knockout bacmid construct 

with a copy of VLF-1 that carries a mutation of a highly conserved tyrosine (Y355F) 

was sufficient to restore the production of normal appearing nucleocapsids but not BV 

production.  Furthermore, the results of a DNase I protection assay indicated that the 

DNA packaging efficiency of the VLF-1 (Y355F) virus construct was similar to the 

gp64 knockout control.  Finally, a recombinant virus containing a functional HA 

epitope tagged version of VLF-1 was constructed to investigate the association of 

VLF-1 with the nucleocapsid.  Analysis by immunoelectron microscopy of Sf-9 cells 

infected with this virus showed that VLF-1 localized to an end region of the 

nucleocapsid.  Collectively, these results indicate that VLF-1 is required for normal 

capsid assembly and serves an essential function during the final stages of the DNA 

packaging process.  
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Introduction 
 

The family Baculoviridae consists of a diverse group of rod shaped viruses that 

contain circular covalently closed (ccc) dsDNA genomes that range in size from 80 to 

180 kbp. Baculovirus infections are restricted to invertebrates with the most well 

studied example, Autographa californica multiple nucleopolyhedrovirus (AcMNPV), 

pathogenic for insects of the order Lepidoptera.  Upon entry of AcMNPV into a 

susceptible host, replication occurs in the nucleus to generate two virus phenotypes.  

Budded virions (BV) are produced from nucleocapsids that become enveloped during 

egress through the plasma membrane that has been modified by the viral fusion 

protein GP64.  In contrast, occlusion derived virions (ODV) are produced from 

nucleocapsids that remain in the nucleus where they are enveloped prior to becoming 

occluded within a crystalline matrix comprised of polyhedrin.  BV is associated with 

systemic infection whereas ODV mediate lateral transmission between insects when 

released into the environment upon death of the host.   

 It has been determined through the use of a transient replication assay that six 

baculovirus gene products are required for viral DNA replication (Kool et al., 1994; 

Todd et al., 1995).  These include an activator of transcription (ie-1); a helicase 

(p143); a DNA polymerase (dnapol); and three late expression factors (lefs) that 

encode a primase (lef-1); a primase accessory factor (lef-2); and a single-stranded 

DNA binding protein (lef-3).  More recently, the lef-11 gene product was shown to be 

required for replication of bacmid DNA in tissue culture (Lin and Blissard, 2002).  

Although these data provide insight into the putative baculovirus replisome required to 

synthesize viral DNA, very little is known about the mode by which baculoviruses 

replicate their DNA as well as the gene products involved in processing DNA 

intermediates to generate infectious genomes.  Previous reports have suggested that 

replication may proceed by way of a rolling circle mechanism that could generate 

large head-to-tail concatemers (Leisy and Rohrmann, 1993; Oppenheimer and 
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Volkman, 1997).  Additionally, the fact that many baculovirus genomes contain 

homologous regions (hrs) and encode enzymes related in both sequence and function 

to the λ Red homologous recombination system entices one to envisage that 

baculoviruses employ a recombination based replication strategy as described for 

other large dsDNA viruses that generate highly branched intermediate structures 

(Dannenberg and Mosig, 1983; Kool et al., 1993; Li and Rohrmann, 2000; Little, 

1967; Martinez et al., 1996).   Shared between both models is the requirement to 

process DNA intermediates in order to generate monomeric genomes that can be 

packaged.  A viral protein that might be involved in this process is very late 

expression factor-1 (VLF-1).  Found in all baculovirus genomes sequenced to date, 

VLF-1 was originally identified from a temperature sensitive mutant defective in 

occlusion body formation and subsequently shown to serve as a transcriptional 

activator by stimulating the expression of two very late genes, p10 and polh 

(McLachlin and Miller, 1994; Yang and Miller, 1999).  Sequence analysis indicates 

that VLF-1 is a member of the tyrosine recombinase family of proteins represented by 

the integrase (int) of λ phage that function to catalyze DNA rearrangements through 

recombination (Azaro and Landy, 2002; McLachlin and Miller, 1994).  A common 

feature among members of this family is an absolutely conserved nucleophilic tyrosine 

responsible for forming a covalent phosphodiester bond with substrate DNA and 

initiating strand exchange between two homologous target sites.  Attempts to rescue a 

virus containing a mutation of this conserved tyrosine in VLF-1 were unsuccessful 

suggesting that VLF-1 likely retains the catalytic activity that defines this family of 

proteins (Yang and Miller, 1998b).  Investigations into this putative activity through in 

vitro studies revealed that VLF-1 could bind to DNA substrates that mimicked 

recombination junctions in a non sequence-specific manner, but failed to exhibit 

recombinase activity (Mikhailov and Rohrmann, 2002a).   
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Previous characterization of a bacmid lacking VLF-1 indicated it was not 

infectious when transfected into Sf-9 cells due to an apparent defect in budded virus 

production, athough DNA synthesis and late gene expression were observed (Li et al., 

2005; Vanarsdall et al., 2004).  This phenotype suggests that VLF-1 may be involved 

in DNA transactions during the latter stages of the replication cycle, namely 

processing DNA intermediates or to facilitate packaging into viral capsids.  Therefore, 

to assist in elucidating the essential function of VLF-1 and to advance our 

understanding of the mechanisms involved in baculovirus replication, we continued 

our investigation of VLF-1 using the AcMNPV bacmid system.  The results described 

herein demonstrate that VLF-1 is not required for normal levels of DNA synthesis or 

for the production replication intermediates that display a similar patters to a ‘wt’ 

control virus when analyzed by FIGE.  However, VLF-1 is required for the production 

of normal capsid particles that contain nuclease resistant viral DNA and this 

requirement appears to be exclusive of its activity as a putative recombinase.  In 

addition, our results indicate that the association of VLF-1 with the nucleocapsid is 

localized to an end region.   

 

 

Material and Methods 

 

CELLS AND ANTIBIOTICS 

  Spodoptera frugiperda (Sf-9) cells were cultured in Sf-900 II serum-free 

medium (Invitrogen) with added penicillin G (50 units/ml), streptomycin (50 

units/ml,Whittaker Bioproducts), and fungizone (amphotericin, 375 ng/ml, Invitrogen) 

as previously described (Harwood et al., 1998).  
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BACMID CONSTRUCTION, PURIFICATION, AND TRANSFECTION   

 

A vlf-1 knockout bacmid was generated using the λ Red homologous 

recombination system in Escherichia coli and has been described previously 

(Vanarsdall et al., 2004).  For this study, the same methods were used to construct a 

gp64 knockout bacmid.  Briefly, primers gp64catF, 5’-

TACAATTTTTTATTATTACATTAATAATGATACAACATATGAATATCCTCCT

TAG-3’ and gp64catR, 5’-

TACTAGTAAATCAGTCACACCAAGGCTTCAATAAGGTGTAGGCTGGAGCT

GCTTC-3’ were used to generate a linear chloramphenicol acetyl transferase (CAT) 

marker cassette from plasmid pKD3 (Datsenko and Wanner, 2000) and include 50 

nucleotides of sequence homology to the 5’ and 3’ region of the gp64 open reading 

frame (ORF).  This fragment was subsequently electroporated into E. coli DH10B 

cells containing bacmid bMON14272 (Invitrogen) and plasmid pKD46 encoding the λ 

Red recombination genes gam, beta, and exo (Datsenko and Wanner, 2000).  Potential 

bacmid knockout clones were selected for on LB plates containing chloramphenicol 

and isolated colonies were screened by PCR with primers Ac107700 5’- 

GCCCTATTCCTATGGCCATA-3’ and Ac110240 5’- 

TGAGCGCCCATAAGCAAGTC-3’.   

Several transfer plasmids were constructed for transposing gene sequences into 

the polyhedrin (polh) locus of bacmid constructs following the bac-to-bac protocol 

(Invitrogen) and these are outlined in Fig. 1A.  The transfer plasmid pfbie-GFP was 

used to transpose a green fluorescent protein (GFP) marker gene into a vlf-1 and gp64 

knockout bacmid to generate constructs vlf-1-KO and gp64-KO, respectively.  This 

entailed generating a 1.3-kb fragment from pegfp (Pearson et al., 2000) with primers 

ieGFPF  5’-GGTACCGATGTCTTTGTGATGCGCG-3’ and ieGFPR 5’-

GGTACCTTACTTGTACAGCTCGTCC-3’.  This fragment includes a GFP reporter 
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gene derived from plasmid pEGFPN-1 (Clontech) under control of the AcMNPV 

immediate early (ie-1) promoter (AcMNPV coordinates 126600 –127197).  The 

resulting fragment was cloned into pCR2.1-TOPO (Invitrogen), excised by KpnI 

digestion, and ligated into the KpnI site of pFastBac Dual (Invitrogen) previously 

digested with SmaI and BamHI to remove the polh and p10 promoters.  The transfer 

plasmid pfbie-GUS(Eco81I) was used to transpose a GUS reporter gene in addition to 

an Eco81I restriction site into a vlf-1 and gp64 knockout bacmid to generate the 

constructs vlf-1-KO(Eco81I) and gp64-KO(Eco81), respectively.  The transfer plasmid pfbie-

GUS (Vanarsdall et al., 2004) was modified to include an Eco81I restriction site that is 

not otherwise found in the AcMNPV bacmid.  (Previously AvrII has been used for 

such analyses (22), however the bacmid construct contains two such sites.)  This was 

accomplished by annealing the oligonucleotide 5’-TCGACCCTAAGGG-3’ followed 

by ligation into the XhoI restriction site of pfbie-GUS.  To generate an epitope-tagged 

VLF-1 repair construct (VLF-1-HA) a vlf-1 knockout bacmid was transposed with the 

transfer plasmid pfbvlf-1 described previously (Mikhailov and Rohrmann, 2002a).  A 

second VLF-1 repair construct,VLF-1(Y335F), was made in which tyrosine 355 of 

VLF-1 was changed to phenylalanine.  For this construct, a region of the vlf-1 ORF 

was excised from plasmid pXA7(Y355F) (Yang and Miller, 1998b) by digesting with 

HpaI and BstEII and ligated into plasmid pfbvlf-1 described above to generate the 

transfer plasmid pfbvlf-1(Y355F) and transposed into a vlf-1 knockout bacmid.  To 

generate the gp64 repair construct (gp64-repair), primers Ac108179 5’-

TTAATATTGTCTATTACGGT-3’ and Ac110240 5’-

TGAGCGCCCATAAGCAAGTC-3’ were used to amplify the gp64 ORF and native 

promoter region.  This PCR fragment was cloned into plasmid pCR2.1-TOPO 

(Invitrogen), excised by XbaI and HindIII digestion and inserted into pfbie-GFP 

described above to generate the transfer plasmid pfbgp64-repair and subsequently 

transposed into a gp64 knockout bacmid.  The table in Fig. 4.1 summarizes the 
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transfer plasmids used to transpose DNA fragments into parental bacmids to generate 

the virus constructs used in this report.   

Bacmid DNA was purified from 0.5 liter cultures using the Large-Construct 

purification kit (Qiagen) according to the manufacturer’s instructions and 2 µg of 

purified DNA was used for transfecting Sf-9 cells (0.9 x 106 cells/well) seeded in a six-

well plate via a cationic liposome method (Campbell, 1995).  Briefly, bacmid DNA 

was mixed with 200 µl of Sf-900 II medium containing 10 µl of liposomes and 

incubated at 27°C for 30-45 minutes.  After incubation, the DNA solution was 

increased to 1 ml with SF 900 II medium and overlaid onto freshly plated Sf-9 cells 

and transferred to 27°C and allowed to incubate for 4 h.  After 4 h incubation, the 

transfection medium was removed and the cells were replenished with 2 ml of fresh 

SF-900 II medium and returned to 27°C.  

 

 

QUANTITATIVE DNA REPLICATION ASSAY   

 

To assess viral DNA replication, a quantitative real-time PCR (Q-PCR) assay 

was performed as previously described (Vanarsdall et al., 2005).  To prepare total 

DNA for analysis, transfected Sf-9 cells were harvested into 1 ml PBS, lysed in 500 µl 

cell lysis buffer (10 mM Tris-pH 8.0, 100 mM EDTA, 20 µg/ml RNAase A, 0.5% 

SDS) and incubated for 30 min at 37° C before adding 80 µg/ml of proteinase K and 

continuing incubation overnight at 65°C.  Total DNA was phenol extracted, ethanol 

precipitated, and suspended in 300 µl of water.  Prior to PCR, 10 µl of total DNA from 

each time-point was digested with 10 units of DpnI restriction enzyme (Fermentas) for 

24 h in 50 µl total reaction volume. Quantitative PCR was performed with 1 µl of 

digested DNA added to Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) 

according to the manufacturer’s instructions and analyzed on an ABI Prism 7000 

sequence detection system under the following conditions: 50°C for 2 min, 95°C for 2 
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min, and 45 cycles of 95°C for 30 s and 60°C for 30 s and 500 nM of each primer.  

  

 

FIELD-INVERSION GEL ELECTROPHORESIS   

 

Sf-9 cells were transfected as described above and at the indicated time points 

cells were harvested, washed once with phosphate-buffered saline (PBS), and mixed 

with 1% low-melting agarose to a final cell density of 3 × 106 cells/200 µl.  The 

mixture was poured into a plug mold resulting in a 20 × 9 × 1.5 mm agarose plug that 

was cut into 8 to 10 pieces.  The agarose plugs were treated with 10 mM Tris HCl (pH 

8.0), 100mM EDTA, 1% N-lauroyl sarcosine, and 200 µg/ml Proteinase K at 50ºC 

overnight.  After washing several times with 10 mM Tris-HCl (pH 8.0), samples were 

stored at 4ºC until further use.  Digestion of DNA was performed with 20U of DpnI 

and 30U of Eco81I per sample in 100 µl of reaction volume and incubated 37ºC 

overnight.  Finally, the plugs were inserted into the loading wells of 1% Pulsed Field 

Certified Agarose (Bio-Rad) in 0.5 x TBE buffer (45 mM Tris-borate, pH 8.0, 1 mM 

EDTA).  The DNA was separated by field inversion gel electrophoresis (FIGE) using 

a MJ Research PPI-200 programmable pulse inverter with program 4 (initial reverse 

time; 0.05 min, reverse increment; 0.01 min, initial forward time; 0.15 min, forward 

increment; 0.03 min, number of steps; 81, reverse increment; 0.001 min, forward 

increment; 0.003) and run at 8V/cm for 17 hr at 4ºC.  MidRange PFG marker I (New 

England Biolabs) was used as DNA size marker.  The DNA was transferred to a nylon 

membrane and hybridized with viral genomic DNA as described previously 

(Vanarsdall et al., 2004).   
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IMMUNO-ELECTRON MICROSCOPY   

 

Sf-9 cells were either transfected as stated above or infected at an MOI of ~5, 

harvested at 72 h.p.t or h.p.i and prepared for immunoelectron microscopy as 

described previously (Russell and Rohrmann, 1990).   A mouse monoclonal antibody 

to the HA epitope tag (Babco) was used at a dilution of 1:50 and the monoclonal 

antibody to AcMNPV vp39 (a generous gift from Dr. Loy Volkman) was used as 

undiluted tissue culture supernatant.  The goat anti-mouse IgG 10nm gold secondary 

antibody was used at a dilution of 1:50.  Images were obtained with a Phillips EM 300 

electron microscope.    

 

 

NUCLEASE PROTECTION ASSAY   

 

Sf-9 cells were transfected in triplicate, harvested in PBS as described above, 

and each cell pellet was initially suspended in 50 µl of supplemented RSB buffer (20 

mM Tris HCl (pH 7.4), 10 mM KCl, 1.5 mM MgCl, 1 mM CaCl, 0.5% NP-40, 100 

µg/ml PMSF, 20 µg/ml RNase A) and split into two equal 25 µl portions that were 

either left untreated (total DNA) or treated with DNase I (MP Biomedicals) at 100 

µg/ml (encapsidated DNA) and incubated at 37°C for 1 h.  For BV controls, virions 

were collected in triplicate from 6 ml of budded virus (BV) stock by centrifugation at 

12,000 x g at 4° C and suspended in 300 µl RSB buffer.  Each sample was 

subsequently split into three 100 µl aliquots that were either untreated, treated with 

DNase I (100 µg/ml), or treated with proteinase K (80 mg/ml) for 20 min followed by 

DNaseI (100 µg/ml).  (PMSF was included in RSB buffer except for the final aliquot 

in which PMSF was added after incubation with proteinase K.)   For intracellular 

capsid controls, a 50 ml culture of Sf-9 cells (~1.5 × 106 cells/ml) was infected with 
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wt-GUS virus stock at an MOI of ~2, harvested at 72 h.p.i, suspended in 5ml of 

supplemented RSB buffer, and disrupted by sonication (3 × 10 sec bursts).  The cell 

lysate was then clarified by centrifugation at 8,000 × g for 20 min and the supernatant 

removed and loaded onto a 25% sucrose cushion.  The nucleocapsids were collected 

by ultra-centrifugation at 24,000 rpm in a Beckman SW 28 rotor at 4° C, suspended in 

350 µl of supplemented RSB buffer, and divided into six 50 µl aliquots.  Three 

samples were left untreated and three were treated with DNaseI as described for 

transfected cells above.  For all samples after the 1 h incubation at 37° C, the 

suspension volume was increased 2-fold with RSB buffer and EDTA to final 

concentration of 40 mM.  Samples were then treated with an equal volume of 2 X cell 

lysis buffer (20 mM Tris HCl (pH 7.4), 80 mM EDTA, and 1% SDS) plus 80 µg/ml 

proteinase K and incubated for 4 h at 65°C.  DNA was extracted with phenol-

chloroform, precipitated with an equal volume of 2-propanol and suspended in 20 µl 

water.  Viral DNA was quantified by using conditions described for the Q-PCR DNA 

replication assay with 1 µl of the DNA sample added to the reaction mixture.  

 

 

Results 
 

 

CONSTRUCTION AND CHARACTERIZATION OF A GP64 KNOCKOUT 

BACMID 

 

To construct a gp64 knockout bacmid, a chloramphenicol resistance marker 

gene was designed to recombine with the gp64 ORF via the λ Red recombination 

system in E. coli.  The target site corresponded to AcMNPV coordinates 108179 to 

109729 with the intention of deleting the entire gp64 coding sequence.  Deletion of the 

gp64 ORF from the bacmid was confirmed by PCR analysis with primers designed to 
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amplify genomic DNA spanning the recombined locus outlined in Fig. 4.1B.  The 

results of this analysis indicated that when PCR was performed with a gp64 knockout 

bacmid as the template, a 1.9-kb PCR product was generated whereas a 2.5-kb product 

was produced when an unmodified (wt) bacmid was used as the template confirming 

that the gp64 ORF was replaced with the CAT marker gene (Fig. 4.1B).   

To confirm that deletion of the gp64 ORF eliminated the ability of the bacmid 

to propagate in cell culture, the gp64-KO bacmid was transfected into Sf-9 cells and 

monitored for GFP expression.  Expression of GFP could only be observed in a small 

fraction of isolated cells within the monolayer by 96 hours post-transfection (h.p.t.) 

and no GFP expression was observed in cells incubated with the transfection 

supernatant by 72 hours post-infection (h.p.i.) (data not shown).  To ensure that the 

inability of this construct to initiate cell-to-cell infection was not due to unintentional 

mutations acquired during the cloning procedures or disruption of regulatory elements, 

Sf-9 cells were transfected with the gp64-repair bacmid and monitored for GFP 

expression and as described above.  Cells transfected with the gp64-repair showed 

widespread fluorescence in the initial transfection at 96 h.p.t. and in cells incubated 

with the transfection supernatant at 72 h.p.i. (data not shown).  Therefore these results 

confirmed that deletion of the gp64 ORF in the context of a bacmid abolished the 

ability of this virus to propagate in cell culture.  
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Fig. 4.1  Organization of transfer plasmids used to generate virus constructs and 
confirmation of a gp64 knockout bacmid.  (A) Organization of the transfer plasmids 
used for transposing gene sequences into the polh locus of bacmid constructs.  The 
diagrams outline the transfer plasmids containing the selected marker genes, the vlf-1 
and the gp64 repair genes, and the Eco81I restriction site; pie-1 refers to the AcMNPV 
immediate early promoter, ppolh refers to the AcMNPV polyhedrin promoter and 
pgp64 refers to the native promoter located upstream of the gp64 ORF.  The table 
summarizes the bacmid constructs used in this report that were derived by transposing 
parental bacmids with the indicated transfer plasmid.  The virus construct, wt-GUS, 
has been described previously (Vanarsdall et al., 2004). (B) Confirmation of a gp64 
gene deletion by recombination.  The top diagram outlines the gp64 locus in the 
unmodified bacmid (1) and the bottom diagram outlines the identical location in the 
gp64 knockout bacmid (2) after homologous recombination with the chloramphenicol 
resistance marker gene (CAT).  The arrows indicate the relative annealing positions 
for primers Ac107700 and Ac110240 used to amplify across this region and the 
dashed lines indicate the size of the expected PCR products from each template.  The 
panel shows an ethidium bromide-stained agarose gel of the PCR products generated 
using the aforementioned primer set to confirm the deletion of the gp64 ORF.  Lane 1 
is the PCR product generated from the unmodified bacmid and lane 2 is the PCR 
product generated from the gp64 knockout bacmid.  M indicates 1-kb DNA size 
marker (Invitrogen). 
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ANALYSIS OF VIRAL DNA REPLICATION  

 

To determine if VLF-1 is required for generating normal levels of nascent viral 

DNA within transfected cells, a DNA replication assay was performed with the gp64 

knockout bacmid described above serving as the control virus.  Because the viral 

fusion protein GP64 is required for nucleocapsids to egress from infected cells 

(Oomens and Blissard, 1999), this mutant construct is similar to a vlf-1 knockout 

bacmid in that it lacks the ability to initiate cell-to-cell infection, but all other 

replication processes should be unaffected.  DNA replication was assessed  

using a highly sensitive and quantitative assay involving real-time PCR and DpnI 

digestion to discriminate between input and replicated DNA.  The results of this 

analysis are shown in Fig. 4.2 and indicated that although some variability at early 

times was observed, the bacmid lacking vlf-1 was able to synthesize similar amounts 

of nascent DNA as the bacmid lacking gp64 by 96 h.p.t.   This data confirms that the 

phenotype of the vlf-1 knockout does not result from a defect in the level of DNA 

synthesis.      
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Fig. 4.2  Real-time PCR analysis of viral DNA replication in transfected Sf-9 cells.  At 
the designated time-point, total DNA was isolated from Sf-9 cells transfected with the 
indicated bacmid constructs, digested with the restriction enzyme DpnI to eliminate 
input bacmid DNA, and analyzed by real-time PCR using SYBR green I.  Values are 
displayed as averages from transfections performed in triplicate with error bars 
indicating standard deviations.   
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ANALYSIS OF REPLICATED VIRAL DNA BY FIELD-INVERSION GEL 

ELECTROPHORESIS   

  

 Since the data described above indicated that a vlf-1 knockout could synthesize 

normal levels of viral DNA, it was then of interest to characterize the replicated DNA 

relative to the gp64 knockout control.  For these experiments, FIGE which is suitable 

for separating DNA molecules of high molecular weight (MW) was performed.  Initial 

experiments were intended to characterize the replicated bacmid DNA in its native 

form without restriction digestion.  Analysis of in situ-processed Sf-9 cells transfected 

with the gp64-KO(Eco81) control bacmid from 0 to 72 h.p.t. under these conditions  

indicated that as nascent viral DNA accumulated, the majority of this DNA remained 

in the wells of the agarose gel (Fig. 4.3A).  Similarly, this was the case when viral 

DNA was analyzed from cells transfected with the vlf-1-KO(Eco81) bacmid under the 

same conditions (Fig. 4.3A).  Although a band was present at 48 and 72 h.p.t for both 

the gp64 and vlf-1 knockout samples that co-migrated with the ~200-kbp size marker, 

this DNA is not predicted to represent linearized monomeric genomes due to its high 

MW (Fig. 4.3A). Similarly, most of the DNA from BV also was trapped in the well 

(Fig. 4.3A).   Additionally, two bands were present that migrated between 100 and 150 

kb in the uncut BV control.  However, it should be noted that because bacmid DNA 

and baculovirus genomes are circular DNA molecules, they are likely to be easily 

impaled by agarose fibers during electrophoresis which prevents them from entering 

the gel or causes them to migrate aberrantly as has been reported for other circular 

DNA molecules (Cole and Tellez, 2002; Levene and Zimm, 1987).   Therefore it is not 

possible to draw conclusions regarding the DNA size of patterns from uncut DNA.  

However, our data does demonstrate similar electrophoretic patterns of replicated 

DNA from cells transfected with either the vlf-1 knockout or the control.   
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The next set of FIGE experiments intended to characterize replicated bacmid 

DNA after treatment with the single cutting restriction enzyme Eco81I (see Materials 

and Methods).  Analysis of DNA from cells transfected with a gp64 knockout bacmid 

after Eco81I digestion indicated that a large proportion of the viral DNA that was 

previously trapped in the wells was able to migrate through the gel to produce a 

distinct band representing unit-length genomic DNA that first appeared at 48 h.p.t. and 

gradually increased in concentration by 72 h.p.t. (Fig. 4.3B, gp64-KO(Eco81) arrow).  A 

similar band was observed with DNA purified from BV but not in mock transfected 

Sf-9 cells under the same conditions confirming the classification of this band as unit-

length genomic DNA (Fig. 4.3B, BV and Sf-9, arrow).  Similarly, a band representing 

unit-length genomic DNA was observed when cells transfected with a vlf-1 knockout 

bacmid were analyzed which also first appeared by 48 h.p.t. and increased by 72 h.pt. 

(Fig. 4.3B, vlf-1-KO(Eco81), arrow).  Two additional bands were observed at 48 and 72 

h.p.t. from cells transfected with either the vlf-1 or gp64 knockout bacmid.  These 

include DNA that migrated less than unit-length (Fig. 4.3B, gp64-KO(Eco81) and vlf-1-

KO(Eco81), open arrow head) and a relatively high molecular weight species that 

migrated to ~200 kb (Fig. 3B, gp64-KO(Eco81) and vlf-1-KO(Eco81), asterisks), the later 

of which has been confirmed to consist of viral DNA that has been completely 

digested with Eco81I (Unpublished data). Therefore, similar to the FIGE analysis of 

uncut DNA, these FIGE gels also demonstrate that after digestion with the single-

cutting enzyme Eco81I, the vlf-1 and gp64 knockouts produce similar patterns of 

DNA.  
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Fig. 4.3  Analysis of viral DNA by field inversion gel electrophoresis (FIGE).  (A) 
Southern blot of total DNA from in situ processed Sf-9 cells transfected with either the 
gp64-KO(Eco81) or vlf-1-KO(Eco81) bacmid.  The agarose-embedded plugs were processed 
and separated on a 1% TBE agarose gel using a pulse field gel apparatus as described 
in Material and Methods.  For all samples, the DNA was digested with the restriction 
enzyme DpnI to eliminate input bacmid DNA   Times post-transfection are indicated 
above the blot (h.p.t.) and the Mid-Range PFG DNA size marker (New England 
Biolabs) is indicated in kilobases on the left. (B)  An identical Southern blot except 
that cell samples were treated with the restriction enzymes DpnI and Eco81I during 
processing.  BV indicates viral DNA extracted from BV, and Sf-9 indicates mock-
transfected cells.  The solid arrows indicate unit-length genomic DNA, the asterisks 
indicate viral DNA that migrated larger than unit-length, and the open arrowheads 
indicates sub-genomic size DNA fragments generated after Eco81I digestion.  The 
blots were probed with AcMNPV genomic DNA using the alkaline phosphatase direct 
labeling system (Amersham).    
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EM ANALYSIS OF BACMID TRANSFECTED CELLS    

 

VLF-1 has previously been shown to be associated with nucleocapsids by 

Western blot analysis suggesting a possible role in capsid assembly (Yang and Miller, 

1998b).  To investigate this possibility, immunoelectron microscopy was performed 

with thin sections generated from bacmid transfected cells.  Control experiments 

performed with the gp64-KO bacmid revealed cells in which the nucleus became 

enlarged and reorganized into an electron dense virogenic stroma typical of 

baculovirus infection.  As expected, these cells also showed rod-shaped nucleocapsids 

that reacted with monoclonal antibody to the vp39 major capsid protein, confirming 

that nucleocapsid synthesis is not inhibited by their inability to egress from the cell 

(Fig. 4.4A).  Nucleocapsids were also observed in bundle formations that are typically 

seen in baculovirus infected cells.  Observations of cells transfected with the vlf-1-KO 

bacmid also revealed cells with enlarged nuclei and virogenic stroma, however in 

contrast to cells transfected with the gp64-KO control bacmid, these cells contained 

clusters of elongated tube-like structures that localized to the inner nuclear membrane 

and reacted specifically with the vp39 antibody suggesting that they are related to 

capsids (Fig. 4.4B).  Additionally, these structures appeared more electron translucent 

compared to capsids found in cells transfected with the gp64 knockout, although in 

some cases a few electron dense structures could be discerned within these clusters 

(Fig. 4.4C, arrows).  A cross section of these structures indicated that they lack an 

electron-dense core that would be indicative of nucleoprotein (Fig. 4.4D, arrowheads). 
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Fig. 4.4   Electron microscopic analysis of transfected Sf-9 cells stained with vp39 
antibody to characterize VLF-1 mutants.  (A) Image showing a portion of a cell 
transfected with the gp64 KO bacmid serving as the control. The arrows indicate 
nucleocapsid bundles dispersed along the outer regions of the nucleus.  The inset shows 
nucleocapsid bundles observed in the in same cell at higher magnification.  (B) Image 
from the nucleus of a cell transfected with a vlf-1-KO bacmid showing tubular capsid 
structures staining for vp39.  (C) Image from the nucleus of a cell transfected with a 
vlf-1-KO bacmid showing a mostly electron-translucent tubular capsid bundle with a 
few examples of electron dense capsids (arrows).  (D) Image showing a cross section 
of a nucleocapsid bundle located in the nucleus of a vlf-1-KO transfected cell.  The 
arrowheads indicate tubular structures that appear to lack an electron dense core.  (E) 
Image from the nucleus of a cell transfected with the VLF-1(Y355F) bacmid showing 
abundant electron-dense nucleocapsids associated with the virogenic stroma.  (F) 
Image showing a portion of the nucleus from a cell transfected with the VLF-
1(Y355F) indicating that in contrast to panel A, no nucleocapsids were observed 
outside the virogenic stroma.   For all samples, sections were generated from cells 
harvested at 72 h.p.t. and stained with primary antibody to AcMNPV p39 as undiluted 
tissue culture supernatant.  The secondary gold-conjugated antibody was used at 1:50 
dilution. For images B, C and D the bar represents 0.25 µm, for images A and F the 
bar 0.5 µm, and for image E the bar represents 1 µm. (VS) virogenic stroma, (nm) 
nuclear membrane. 
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To determine if the aberrant capsid structures observed in cells transfected with the 

vlf-1 knockout bacmid were the result of a structural or an enzymatic deficiency 

associated with VLF-1, a VLF-1(Y355F) construct containing a point mutation of the 

highly conserved tyrosine 355 was analyzed by electron microscopy.  Although this 

mutation in VLF-1 has not previously been characterized in the context of a bacmid, 

our analysis agreed with a previous report that suggested it could prevent BV 

production (Yang and Miller, 1998b), (data not shown).  Electron microscopic 

analysis of cells transfected with the VLF-1(Y355F) bacmid revealed the presence of 

electron dense rod-shaped nucleocapsids that were morphologically indistinguishable 

from nucleocapsids observed in cells transfected with the gp64 control bacmid (Fig. 

4.4E).  However, the nucleocapsids in these cells appeared to be more heavily 

concentrated within the virogenic stroma compared to control transfected cells.  We 

also observed that, whereas in gp64–KO transfected cells, where both single and 

bundled nucleocapsids could be seen dispersed between the perimeter of the virogenic 

stroma and nuclear membrane, no nucleocapsids could be seen in this region in cells 

transfected with the VLF-1(Y355F) bacmid suggesting they remained tethered to the 

virogenic stroma (compare Fig. 4.4A and 4.4F).  Together these data show that VLF-1 

is required for proper capsid assembly and for nucleocapsids to be released from the 

virogenic stroma.  

 

 

NUCLEASE PROTECTION ASSAY   

 

 Because the results described above indicated that the VLF-1(Y355F) bacmid 

appeared as proficient in nucleocapsid production as a gp64 knockout bacmid, a 

DNase I protection assay was performed to assess the ability of this repaired virus to 

encapsidate viral DNA.  This involved treating transfected cells with DNaseI and 

quantifying the encapsidated or nuclease-resistant viral DNA by real-time PCR.  To 
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confirm that encapsidated baculovirus DNA is protected from nuclease digestion, 

control experiments were performed with budded virions isolated from infected cell 

supernatants as well as nucleocapsids purified from infected cell lysates.  The result of 

this assay showed that the level of viral DNA detected from budded virions treated 

with DNase I was essentially identical to the level of viral DNA detected from virions 

that were left untreated (Fig. 4.5A, bars 1 and 2).  In contrast, when the virions were 

initially digested with proteinase prior to DNase I digestion, the level of nuclease-

resistant viral DNA was reduced to background levels (Fig. 4.5A, bar 3).  Similarly, 

nucleocapsids that were purified from cells lysates also showed nearly complete 

resistance to nuclease when analyzed under similar conditions (Fig. 4.5A, bars 4 and 

5).  Therefore, these results validate the experimental conditions and confirm DNA 

from both budded virions and intracellular nucleocapsids is resistant to nuclease 

digestion.  This strategy was then extended to bacmid transfected cells to assess the 

amount of encapsidated viral DNA relative to the amount of total replicated viral 

DNA.   Analysis of cells transfected with the gp64 knockout bacmid serving as the 

control showed that ~30% of the total replicated viral DNA was encapsidated (Fig. 

4.5B, bar 1).  In contrast and in agreement with the aberrant electron-translucent 

capsid structures observed by electron microscopy, the level of nuclease-resistant the 

viral DNA in cells transfected with the vlf-1 knockout was less than 1% (Fig. 4.5B, bar 

2).  Interestingly, when the ability of the VLF-1(Y355F) bacmid to encapsidate viral 

DNA was assessed under these conditions, the amount of encapsidated viral DNA was 

similar to that detected for the gp64 knockout bacmid in that ~24% of the total 

replicated viral DNA was resistant to nuclease digestion (Fig. 4.5B, bar 3).  Therefore, 

although essential for BV production, both the EM and DNaseI protection experiments 

clearly indicate that tyrosine 355 of VLF-1 is not required for viral DNA to be 

packaged into nucleocapsids.  
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Fig. 4. 5  Nuclease protection assay to detect encapsidated viral DNA.  (A) Control 
experiments performed with budded virions or nucleocapsids isolated from infected 
cells.  For budded virions, viral DNA was extracted from virions after they were either 
left untreated as the control (bar 1), treated with DNaseI (bar 2), of treated with 
proteinase K followed by DNaseI (bar 3).  For cellular nucleocapsids, viral DNA was 
extracted from virions after they were either left untreated (bar 4) or treated with 
DNaseI (bar 5).  Viral DNA was quantified by real time PCR.  The results are 
displayed as percent nuclease resistant DNA that was determined by comparing the 
amount of nuclease resistant DNA from treated samples with the amount of nuclease 
resistant DNA from the untreated controls set at 100%.  Values represent the average 
and standard deviation from triplicate samples.   (B) Nuclease protected viral DNA 
from mutant bacmids at 72 h.p.t.  Cells transfected with either the gp64 knockout 
control (bar 1), the vlf-1 knockout (bar 2), or the VLF-1(Y355F) repair bacmid (bar 3) 
were either left untreated (total DNA) or treated with DNaseI (encapsidated DNA).  
The viral DNA was subsequently isolated and quantified by real time PCR.  The 
values are represented as percent encapsidated DNA and were obtained by dividing 
the mean average amount of DNaseI resistant DNA by the mean average of total viral 
DNA from triplicate samples.  
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EM ANALYSIS OF VLF-1 LOCALIZATION ON NUCLEOCAPSIDS   
 

Because VLF-1 has previously been shown to be associated with 

nucleocapsids of BV virus and ODV, determining where VLF-1 localizes on the viral 

particle might provide insight into its essential function.  Therefore, immunoelectron 

microscopy was performed with the virus VLF-1-HA in which the wild type vlf-1 

open reading frame was replaced with a version of vlf-1 containing an HA epitope tag.  

Notably, this virus was able to generate titers similar to an unmodified control virus 

indicating that the epitope tag does not interfere with the essential function of VLF-1 

(data not shown).  Electron microscopic examination of thin sections generated from 

cells infected with VLF-1-HA at 72 h.p.i. revealed nucleocapsids with gold label 

localized to one end (Fig. 4.6A) and this staining pattern could even be seen among 

several nucleocapsids within a given field indicating the gold labeling of the 

nucleocapsid was not due to random interactions (Fig. 4.6B).  Additionally, a 

longitudinal section of nucleocapsids arranged in a bundled formation characteristic of 

baculovirus infected cells showed gold label on only one end suggesting that VLF-1 

may preferentially localize to either the apical or basal end regions (Fig. 4.6C).  In 

contrast, although some gold labeled nucleocapsids were observed with sections from 

cells infected with the wt-GUS control virus that lacks the epitope tagged version of 

VLF-1, this labelling was less likely to be end-specific and was primarily observed in 

regions with high background (Fig. 4.6D).  Therefore, these results suggest that the 

association of VLF-1 on the nucleocapsid is localized to an end region.    
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Fig. 4.6 Immuno-gold labeling of VLF-1 from thin sections of infected Sf-9 cells at 72 
h.p.i .  (A-C) Images of cells infected with BV from the recombinant bacmid (VLF-1-
HA) containing a vlf-1 ORF fused to an HA epitope tag.  (D) Image of a cell infected 
with BV from a recombinant bacmid containing the native vlf-1 ORF without the 
epitope tag serving as the control.  For all samples, sections were stained with a 
primary monoclonal antibody to the HA epitope at 1:50 dilution and a secondary gold 
conjugated antibody at 1:50 dilution.  Bar represents 0.25µm.  
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Fig. 4.6  
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Discussion 
 

Previous data indicated that a bacmid lacking VLF-1 could only replicate DNA 

to 10% the level of a non-mutant control bacmid when transfected into Sf-9 cells 

(Vanarsdall et al., 2004).  This decrease, however, was at least partly due to the fact 

that VLF-1 is required for BV production and can therefore only replicate in the 

initially transfected cells.  To compensate for this limitation and to better understand 

the effect VLF-1 has on nascent viral DNA synthesis, comparisons in this study were 

made to a gp64 knockout bacmid generated to serve as a non-infectious control virus 

that should replicate its DNA normally, but similar to a bacmid lacking vlf-1, would be 

limited to the initially transfected cells.  An analysis of DNA replication by means of a 

quantitative real-time PCR assay determined that by the end of a 96 h time course, a 

bacmid lacking vlf-1 could replicate its DNA to similar levels as detected for a gp64 

knockout control indicating that VLF-1 is dispensable for normal levels of viral DNA 

synthesis.  However, the fact that VLF-1 was not required to synthesize normal levels 

of viral DNA did not exclude the possibility that VLF-1 is required to generate higher 

order intermediates that can then be processed into unit-length genomes.  To 

investigate this possibility, field-inversion gel electrophoresis (FIGE) was performed 

to characterize the DNA replicated by a vlf-1 knockout.  Our initial analysis of intact 

genomes indicated that DNA isolated from cells transfected with either the gp64 

control or vlf-1 knockout bacmid failed to migrate into the gel but instead accumulated 

in the wells of the agarose as the time-course progressed.  A similar observation has 

been reported for HSV-1 replication intermediates and it is thought that this results 

from viral DNA being non-linear or highly branched (Martinez et al., 1996; Severini et 

al., 1996).  Additionally, when FIGE was used to analyze viral DNA from transfected 

cells after treatment with the single-cutting restriction enzyme Eco81I, similar patterns 

of DNA were observed further confirming that VLF-1 is not required to produce 

replication intermediates that resemble those produced by the gp64 control virus.  
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To investigate whether the failure of a vlf-1 knockout bacmid to produce BV 

was due to a defect in nucleocapsid assembly, electron microscopy was performed 

with bacmid transfected cells.  The results of these experiments demonstrated that in 

cells transfected with the vlf-1 knockout bacmid, elongated rod-like structures could 

be found grouped along the inner nuclear membrane.  Since these structures were 

shown to react specifically with the monoclonal antibody to the major capsid protein 

vp39, our assessment is that these structures represent incomplete capsid particles.  It 

was initially thought that these aberrant capsids represent pre-cursor structures 

awaiting nucleic acid and the lack of DNA processing by VLF-1 inhibited their ability 

to acquire DNA.  This scenario would fit well with a model previously proposed 

(Fraser, 1986) which suggests that viral DNA is packaged into a preassembled capsid 

sheath.  However, these aberrant capsid structures appeared to be substantially longer 

than the average length of individual capsid particles indicating that further processing 

may be required to generate legitimate precursors.  Additionally, it is thought that 

DNA replication and packaging occur in the nucleus within the centrally located 

virogenic stroma, yet these aberrant capsid structures remained apart from the 

virogenic stroma localizing instead to the inner nuclear membrane.  Therefore a likely 

scenario is that these aberrant capsid structures remain incomplete due to the lack of 

VLF-1 suggesting that VLF-1 is an essential capsid component.   

Electron microscopy was then performed with cells transfected with the 

recombinant virus VLF-1(Y355F).  This mutation which would be predicted to 

inactive its putative recombinase function, showed abundant nucleocapsid particles 

within the virogenic stroma with no discernable difference in phenotype to 

nucleocapsids observed in cells transfected with the gp64 knockout control.  The VLF-

1(Y355F) virus also possessed the ability package viral DNA with similar efficiency 

as the gp64 knockout control as indicated by a DNase I protection assay.  These 

results are interesting, not only for the fact that they confirm that VLF-1 is required for 

capsid production, but also indicate that the putative enzymatic activity of VLF-1 is 
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not required to process DNA intermediates as a prerequisite for encapsidation.  

However, the fact that the DNA-containing capsids observed in cells transfected with 

the VLF-1(Y355F) repair bacmid failed to initiate subsequent infection does confirm 

that the active site tyrosine is essential for generating infectious BV.  Possible 

explanations for why the repair virus was unable to generate infectious particles may 

be due to the fact that the capsids are filled with defective genomes incapable of 

replicating in new cells or the capsid associated DNA requires additional processing 

by VLF-1 to complete the replication cycle.  Because we were unable to detect BV 

particles in the supernatant from cells transfected with the VLF-1(Y355F) virus 

suggests that VLF-1 is involved in a very late processing mechanism required for 

nucleocapsid egress.  Although the type of processing mechanism this may entail 

remains unclear, the association of VLF-1 to the end-region of the nucleocapsid 

suggests VLF-1 may act in conjunction with the packaging process.  It has been 

proposed that VLF-1 may serve as a site-specific endonuclease that cleaves 

concatameric DNA to generate unit-length DNA molecules for packaging (Mikhailov 

and Rohrmann, 2002a).  This would be analogous to the terminase enzyme of 

herpesviruses and bacteriophage (Baines et al., 1994; Becker and Gold, 1978; 

Kanamaru et al., 2004).  However the observation that viral DNA could be 

encapsidated by the VLF-1(Y355F) bacmid indicates that genomic DNA can be 

packaged without such activity performed by VLF-1.  Therefore it is likely that VLF-1 

is involved in a very late stage processing mechanism such as terminating the 

packaging process.  A failure to terminate might block nucleocapsid egress and may 

explain why the nucleocapsids synthesized by the VLF-1(Y355F) bacmid appeared to 

be heavily concentrated or ‘trapped’ within the virogenic stroma as opposed to a more 

dispersed pattern observed with the control virus.  Similarly, VLF-1 could be 

functioning as a DNA resolvase on branched DNA structures generated during the 

replication process that would require processing during packaging in order to 

incorporate complete genomes and failure to resolve such structures would also likely 
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lead to an arrest in packaging.   Interestingly, a similar mechanism has been described 

for endonuclease VII of T4 bacteriophage and has also been shown interact with a 

component of the packaging machinery (Golz and Kemper, 1999).   
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Abstract 

 

DNA replication of bacmid-derived constructs of the Autographa californica 

multiple nucleocapsid nucleopolyhedrovirus (AcMNPV) was analyzed by field 

inversion gel electrophoresis (FIGE) in combination with digestion at a unique Eco81I 

restriction enzyme site.  Three constructs were characterized: a parental bacmid, a 

bacmid deleted for the alkaline nuclease gene, and a bacmid from which the gp64 gene 

had been deleted. The latter was employed as a control for comparison with the 

alkaline nuclease knockout because neither yields infectious virus and their replication 

is limited to the initially transfected cells.  The major difference between DNA 

replicated by the different constructs was the presence in the alkaline nuclease 

knockout preparations of high concentrations of relatively small, sub-genome length 

DNA in preparations not treated with Eco81I.  Furthermore, upon Eco81I digestion, 

the alkaline nuclease knockout bacmid also yielded substantially more sub genome 

size DNA than the other constructs.  Electron microscopic examination of cells 

transfected with the alkaline nuclease knockout indicated that, in addition to a limited 

number of normal-appearing electron-dense nucleocapsids, numerous aberrant capsid-

like structures were observed indicating a defect in nucleocapsid maturation or in a 

DNA processing step that is necessary for encapsidation. Because of the documented 

role of the baculovirus alkaline nuclease and its homologs from other viruses in 

homologous recombination, these data suggest that DNA recombination may play a 

major role in the production of baculovirus genomes.  
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Introduction 

 
The Baculoviridae is a family of viruses with large, double-stranded, circular 

DNA genomes of 80 to 180 kb, depending on the strain.  The Autographa californica 

multiple nucleocapsid nucleopolyhedrovirus (AcMNPV) is the type NPV species and 

is widely used to generate recombinant viruses for expressing heterologous genes.  Six 

viral factors are necessary for replication of plasmids in transient replication assays, 

including a transactivator of early gene transcription (IE-1), a DNA polymerase, a 

DNA helicase, a DNA primase (LEF-1), a primase accessory factor (LEF-2), and a 

single-stranded DNA binding protein (LEF-3) are necessary for replication of 

plasmids in transient replication assays (Kool et al., 1994; Todd et al., 1995).  

Although these factors are capable of synthesizing DNA in transfected insect cells, 

other factors that are likely required for the production of mature genomes are not well 

characterized.  One such factor, called alkaline nuclease (AN) is conserved in all 

baculovirus genomes sequenced to date.  In addition, homologs of AN are widely 

distributed in eubacteria, archaea, and eukaryotes (Aravind et al., 2000).  These 

enzymes participate in the repair of dsDNA breaks and in homologous recombination 

and are thought to play a vital role in maintaining genome integrity.  The best-studied 

example is the Red system from bacteriophage λ (for review see (Kuzminov, 1999; 

Poteete, 2001; Stahl, 1998). This system includes the λ exonuclease (Redα), which 

degrades linear dsDNA from the 5’ ends producing 3’ overhangs, which serve as 

intermediates in recombination (Little, 1967).  During recombination, λ exonuclease 

interacts with an ssDNA-binding protein (Redβ), which promotes renaturation of 

complementary strands thereby mediating strand annealing and strand invasion 

(Cassuto et al., 1971; Li et al., 1998).  Comprehensive sequence analyses indicates that 

the baculovirus AN belong to the same family as the λ exonuclease (Aravind et al., 

2000; Bujnicki and Rychlewski, 2001).  In addition, the AN of AcMNPV has been 

shown to interact with the baculovirus ssDNA binding protein (LEF-3) and possesses 
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both a 5’-to-3’ exonuclease activity and structure dependent endonuclease activity 

(Mikhailov et al., 2003a; Mikhailov et al., 2004). 

We have previously demonstrated that a baculovirus bacmid construct lacking the 

alkaline nuclease gene (an) was non-infectious (Okano et al., 2004).  However, it was 

able to replicate DNA after transfection into Sf-9 cells suggesting that the an deletion 

may cause a defect in the later stages of the replication cycle such as DNA processing.  

In this report, we describe the characterization of viral DNA that is synthesized by the 

an deletion mutant and compared it to parental bacmid DNA and a control gp64 

deletion mutant by field inversion gel electrophoresis (FIGE).  In addition, the 

structure of capsids produced by the AN knockout was examined by immunoelectron 

microscopy. 

 

Materials and Methods 

 

CELL CULTURE 

 

Sf9 cells were cultured in SF900II serum-free medium (Invitrogen) with 

penicillin G (50 units/ml), streptomycin (50 µg/ml; Whittaker Bioproducts), and 

fungizone (amphotericin B; 375 ng/ml) (Invitrogen) as previously described (Li and 

Rohrmann, 2000). 

 

 

BACMID CONSTRUCTS, INTRODUCTION OF A UNIQUE  ECO81I 

RESTRICTION SITE AND EGFP   

 

The an and gp64 null parental bacmids have been described previously (Okano 

et al., 2004) and (Vanarsdall et al., 2006), respectively.  To allow identification of 

genome length DNA, a unique Eco81I restriction site was introduced into an 
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unmodified control, an, and gp64 knockout bacmids to generate the constructs 

parental-GUS(Eco81I), an-KO-GUS(Eco81I, and gp64-KO-GUS(Eco81I, respectively (Fig. 

1A).  To accomplish this, the transfer vector pfbIEGUS (Okano et al., 2004) was 

modified by digesting with XhoI followed by ligation with the self-annealed 

oligonucleotide TCGACCCTAAGGG containing the Eco81I restriction sequence 

(CCTNAGG).  To permit monitory of transfection efficiency for immuno electron 

microscopy, GFP expressing bacmids were produced.  The transfer plasmid pfbie-GFP 

(Vanarsdall et al., 2006) containing a GFP reporter gene was transposed into an an 

knockout bacmid to generate an-KO-GFP (Fig. 1B). Transposition was performed in 

accordance with the Bac-to-Bac protocol (Invitrogen). 

 

 

DNA TRANSFECTION, VIRAL INFECTION, FIELD-INVERSION GEL 

ELECTROPHORESIS AND SOUTHERN HYBRIDIZATION 

 

Bacmid DNA was purified from 0.5 liter cultures using the Large-Construct 

purification kit (Qiagen) according to the manufacturer’s instructions.  Two µg of 

purified DNA was used for transfecting Sf-9 cells (0.9×106/ ml) seeded in a six-well 

plate via a cationic liposome method (Campbell, 1995).  Infections were performed at 

an MOI of about 5 as described previously (28).  For FIGE analysis, cells were 

harvested with a rubber policeman and collected by low speed centrifugation (1000 

rpm, 5 min), washed twice with phosphate-buffered saline (PBS) and mixed with 1% 

low-melting agarose (FMC Seaplaque) to a final cell density of 3 × 106 cells/200 µl.  

The mixture was poured into a plug mold (BioRad), resulting in 20 × 9 × 1.5 mm 

agarose plugs that were then cut into 8 to 10 pieces.  For DNA purification, the 

agarose plugs were treated with 10 mM Tris-HCl pH 8.0, 100mM EDTA, 1% N-

lauroyl sarcosine, 200 µg/ml Proteinase K at 50 ºC over night (about 1 ml for 8-10 
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agarose plugs). Plugs were then washed 5-8 times (about 1.5 ml/wash with rotation for 

15 min) with 10 mM Tris-HCl at 4º C and then stored at 4 ºC.  For DNA digestion, the 

proteinase-treated plugs were incubated in 100 µl of Eco81I reaction buffer containing 

30U Eco81I and 20U DpnI (both from Fermantas) and incubated at 37ºC overnight.  

The reaction was terminated by the addition of 20 µl of 0.5 M EDTA.  Agarose plugs 

were placed into the wells of 1% Pulsed Field Certified Agarose gel (Bio-Rad) in 0.5 

× TBE buffer (45mM Tris-borate, pH 8.0, 1 mM EDTA) and separated by field 

inversion gel electrophoresis (FIGE) using a MJ Research PPI-200 programmable 

pulse inverter.  Two FIGE programs were used:  to separate DNA in the 15 to 200 kb 

range we used Program 4 (A; initial reverse time: 0.05 min, B; reverse increment: 0.01 

min, C; initial forward time: 0.15 min, D; forward increment: 0.03 min, E; number of 

steps: 81, F; reverse increment: 0.001 min, G; forward increment: 0.003); 8V/cm for 

17 hr at 4 ºC.  To separate DNA in the 50 to 600 kb range we used Program 5 (A; 0.1 

min, B; 0.01 min, C; 0.3 min, D; 0.03 min, E; 45, F; 0.01 min, G; 0.03 min); 9V/cm 

for 17 hr at 4ºC.  MidRange PFG marker I and Yeast chromosome PFG markers (New 

England Biolabs) were used as DNA size markers.  For Southern blot analysis, the 

agarose gel was soaked in 0.25M HCl for 15 min followed by 0.4M NaOH for 15 min.  

The DNA was then transferred to a nylon membrane and hybridized with viral 

genomic DNA digested with EcoRI and HindIII that was labeled using the Alk-Phos 

Direct Labeling and Detection system (Amersham) as described previously (Okano et 

al., 2004).  

 

 

ANALYSIS OF IN SITU DIGESTED AGAROSE-EMBEDDED DNA 

 

In order to determine the ability of Eco81I to digest DNA in situ, triplicate 

samples of LMT agarose embedded Sf-9 cells at 72 hpi were processed as described 
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above.  After deproteinization, one set of samples was subjected to overnight digestions 

with 30U of Eco81I while the other set was incubated in digestion buffer under identical 

conditions without restriction enzyme.  After overnight digestion, one-half of the sample 

was removed, melted at 60C for 20 min, phenol extracted and analyzed by Q-PCR with 

primers that amplify a 500 nt fragment across the Eco81I restriction site.  The primers 

used were Ac126710 (5’-CAATGGACCCGACAAATTCT-3’) and SV40polA (5’-

ATGTCGACAGATACATTGATGAGTTTGG-3’) that amplify a 500 bp fragment 

spanning the Eco81I restriction site.  The remaining agarose was inserted into a 1% slab 

gel and electrophoresed under standard FIGE conditions to characterize the DNA 

profile. 

 

QUANTITATIVE PCR REPLICATION ASSAY AND ELECTRON MICROSCOPY 

 

These procedures were carried out as previously described (Vanarsdall et al., 

2005).  

 

 

Results 

 

FIGE ANALYSIS OF VIRAL REPLICATION INTERMEDIATES FROM 

INFECTED SF-9 CELLS  

 

To characterize baculovirus DNA intermediates produced during replication, we used 

the FIGE system.  We initially focused on analyzing replicated viral DNA in the size 

range of 50 to 200kb.  To accomplish this, FIGE program 4 was selected because 

under these conditions unit length genomic DNA is resolved.  In order to detect unit 

length viral DNA, we introduced a unique Eco81I restriction site into our bacmid 

constructs (see Materials and Methods) (Fig. 5.1). We first examined the DNA from 
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cells infected with budded virus (BV) derived from the parental-GUS(Eco81I) bacmid 

(Fig. 5.2A) from 0 to 72 h.p.i. and compared it to viral DNA extracted from BV .  

When the DNA was uncut and analyzed by ethidium bromide staining, the major band 

from infected cells was present at ~250 kb, whereas the DNA from BV migrated at 

100 - 150 kb (Fig. 5.2A). It should be noted that, because bacmid DNA and 

baculovirus genomes are intact circular DNA molecules, they are likely impaled by 

agarose fibers during electrophoresis and either do not enter the gel or migrate 

aberrantly (Cole and Tellez, 2002; Levene and Zimm, 1987).  To examine this further, 

we performed in situ DNA extraction and FIGE analysis on bacterial cells harboring 

the baculovirus bacmid.  Similar to BV DNA, the undigested bacmid DNA was 

retained in the well, whereas after digestion with Eco81I, it migrated into the gel to the 

position of unit length genomic DNA (data not shown).  Therefore it is not possible to 

draw conclusions regarding the size of uncut circular DNA.  

To further characterize the genomic DNA, cells or virus were embedded in 

agarose, processed, and digested in situ with Eco81I.   As expected, the BV DNA was 

resolved into a single major band of about 145 kb (the AcMNPV bacmid is larger than 

wt AcMNPV) (Fig. 5.2 E,F).  In addition, cellular DNA from infected cells was 

reduced to the 50-100 kb size range and did not hybridize to the viral DNA probe (Fig. 

5.2 C, D), whereas three major species of viral-specific DNA were evident at the later 

stages of the time-course (Fig. 5.2 D).  These included sub genome size DNA of about 

50-100 kb, a genome size band of ~145 kb, and a larger doublet band of >250 kb.  A 

quantity of viral-specific DNA also remained trapped in the well.  The FIGE program 

4 results in a compression zone in the range of DNA sizes in the >250 kb region and 

accurate estimates are not possible.  FIGE program 5 separates DNA from ~ 50 - 600 

kb which would encompass this compressed zone.  Using program 5, the >250 kb 

bands observed in program 4 were not evident indicating that the represent a 

heterogeneous population (data not shown). 
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Fig 5.1  AcMNPV bacmid constructs used in this report and the strategy employed to 
introduce marker genes and a unique Eco81I restriction site.  (A) The transfer plasmid 
pfbie-GUS containing the GUS reporter gene and the Eco81I restriction site was 
transposed into a non-modified bacmid (parental), an alkaline nuclease (an), or a gp64 
knockout bacmid to generate the constructs parental-GUS(Eco81I), an-KO-GUS(Eco81I), 
and gp64-KO-GUS(Eco81I), respectively.  (B) The transfer plasmid pfbie-GFP was 
transposed into an an knockout bacmid to generate an-KO-GFP.  Transposition 
occurred at the polyhedrin locus (polh) and was performed in accordance with the bac-
to-bac protocol (Invitrogen). The GUS and GFP marker genes are under control of the 
AcMNPV immediate early 1 (ie-1) promoter.  Construction of the an and gp64 null 
bacmids containing the chloramphenicol resistance gene have been described 
previously (Okano et al., 2004)  
 

Fig. 5.2  FIGE analysis of viral DNA replication intermediates from Sf-9 cells infected 
with the parental-GUS(Eco81I) recombinant virus. Uncut or Eco81I digested total DNA 
extracts were analyzed after electrophoresis (program 4) by either ethidium bromide 
staining (A, C, and E) or by Southern blot hybridization with labeled genomic viral 
DNA as the probe (B, D, and F).  Hours post-infection (hpi) are indicated above the 
panels.  M indicates mock infected cells, BV indicated DNA isolated from BV, and L 
(lambda) indicates MidRange PFG DNA size marker I (New England Biolabs).  The 
arrows indicate single unit-size viral DNA and the asterisks indicate viral DNA that 
migrated larger-than-unit length.  Size ranges in kilobases are indicated on the left of 
the panels. 
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The trapping of DNA in the wells and the presence of the >250 Kb band suggested 

that DNA digestion may not be complete.  In order to determine the extent of DNA 

Eco81I digestion, triplicate samples of Sf9 cells at 72 hr after infection with the 

infectious bacmid construct (Fig. 5.1) were embedded in agarose, processed as 

described in the Materials and Methods and then subjected to overnight incubation 

with or without Eco81I.  The DNA was then extracted from the gel and subjected to 

quantitative PCR using primers that amplified a 500-bp region spanning the Eco81I 

site.  These data indicated that over 98%+/-0.2 of the Eco81I sites were digested (data 

not shown).  Therefore, the HMW DNA bands that we observed were not due to 

incomplete digestion of the DNA with Eco81I.  Despite almost complete digestion, the 

presence of the DNA in the wells and the compression zone suggested that they might 

be branched structures that would not migrate as unit length. 

 

 

FIGE ANALYSIS OF DNA FROM GP64 AND AND AN-KNOCKOUT 

TRANSFECTED CELLS 

 

In these experiments an AcMNPV bacmid deleted for the gp64 gene was used 

for a control.  Gp64 is the viral envelope fusion protein and is required for the exit 

(budding) of mature virions from infected cells (Monsma et al., 1996).  Therefore the 

gp64 knockout is not infectious and will not amplify upon transfection.  A similar 

construct has been used by others previously (Lin and Blissard, 2002).  FIGE was 

performed with cells transfected with a gp64 knockout bacmid (gp64-KO-GUS(Eco81I)) 

at different times post-transfection (Fig. 5.3A-D).  Ethidium bromide stained uncut 

DNA showed a similar pattern to the parental AcMNPV bacmid infected cells (Fig. 

5.2A) with the majority of the DNA migrating at >250 kb (Fig. 5.3A) as described 

previously (Vanarsdall et al., 2006).  Similarly, hybridization analysis indicated that 
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from 0 to 24 hr post transfection, the DNA in the >250 kb region is host DNA, but 

after 24 h.p.t. viral-specific DNA also accumulated at this region (compare Fig. 5.3B 

to Fig. 5.2B).  A significant amount of viral-specific DNA was also trapped in the 

wells similar to parental-GUS Eco81I bacmid infected cells (Fig. 5.3B).  When the 

DNA from gp64-KO-GUS(Eco81I) transfected cells was digested in situ with DpnI (to 

digest input bacmid DNA) and Eco81I, three species of DNA were observed similar to 

DNA from parental bacmid infected cells (Fig. 5.3C and D).  These included a major 

diffuse band of ~50-100 kb, a genome size DNA band of ~145 kb and the higher MW 

doublet of >250 kb.  Some viral-specific DNA is also trapped in the wells. Therefore, 

these results indicate that replication intermediates generated by parental bacmid 

infected and gp64-KO-GUS(Eco81I) transfected cells are similar.  

We previously demonstrated that, although the alkaline nuclease knockout 

bacmid was able to support DNA replication, no infectious virus were produced 

(Okano et al., 2004).  Therefore, we examined the DNA that was replicated by this 

mutant in more detail using FIGE analysis.  When DNA from an-KO-GUS(Eco81I) 

transfected cells was not digested with DpnI and Eco81I, no discernable difference 

could be seen from the ethidium bromide stained gel when compared to gp64-KO-

GUS(Eco81I) transfected cells (compare Fig. 5.3A and 5.3E).  However, Southern blot 

analysis of uncut DNA from an-KO-GUS(Eco81I) transfected cells revealed a high molar 

ratio of relatively small sub genome-size DNA fragments (50-100kb) that first 

appeared by 24 h.p.t. and continued to accumulate for the remainder of the time-

course (Fig. 5.3F).  No DNA of this size was present in blots from either parental 

infected or gp64-KO-GUS(Eco81I) transfected cells when the DNA remained uncut (Fig. 

5.2B and 5.3B, respectively).  Furthermore, digestion with DpnI and Eco81I yielded 

predominantly small DNA fragments that appeared to be concentrated mostly in the 

50kb to 100 kb size range, but did extend higher and overlapped genome size DNA 

(Fig. 5.3H).  In addition, the high MW doublet band of >250 kb was not evident.  If 

these bands are branched structures produced by recombination, this could explain the 
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lack of these structures in the DNA produced by alkaline nuclease knockout bacmid 

(see Discussion).  Lastly, when the FIGE profile of DNA from cells infected with the 

AN repaired virus (Okano et al., 2004) was examined, it showed a similar pattern as 

that of the wt (data not shown).  Therefore, the fragmented viral DNA profile 

produced by the an-KO bacmid  (Fig. 5.3 F, H) is due to the deletion of the an gene.     
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Fig 5.3  FIGE analysis of viral DNA replication intermediates from gp64 or an 
knockout transfected Sf-9 cells.  DNA was analyzed after electrophoresis (program 4) 
by either ethidium bromide staining (A, C, E and G) or by Southern blot hybridization 
with labeled genomic viral DNA as the probe (B, D, F and H).  The bacmid constructs 
used for transfection and the time cells were harvested post-transfection (h.p.t.) are 
indicated above the panels.  L indicates MidRange PFG DNA size marker I (New 
England Biolabs).  The DNA in panels A, B, E, and F were uncut and the DNA in 
panels C, D, G, and H were digested with Eco81I.  The arrows indicate single unit-size 
viral DNA and the asterisk indicates viral DNA that migrated larger-than-unit length.   
Size ranges in kilobases are indicated on the left of the panels. 
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Fig. 5.4   
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COMPARISON OF DNA REPLICATED BY THE ALKALINE NUCLEASE AND 

GP64 KNOCKOUT BACMIDS BY QUANTITATIVE PCR 

 

To further investigate DNA synthesis by the an knockout, we compared it to 

the gp64 knockout using real time PCR.  Although we previously demonstrated that 

the an knockout is able to replicate DNA in transfected cells, the level was lower than 

that from wt infected cells which was likely due to the ability of the infection to spread 

to surrounding cells by the wt virus (Okano et al., 2004).  In contrast, with the an and 

gp64 knockout constructs, BV would not spread and infect surrounding cells thereby 

allowing for a more accurate comparison.  Analysis by real time PCR of DNA from 

cells transfected with these two constructs demonstrated that they synthesized similar 

levels of DNA over the time-course (Fig. 5.4).   

 

 

IMMUNO-ELECTRON MICROSCOPY OF CELLS TRANSFECTED WITH THE 

AN-KNOCKOUT BACMID  

 

To determine if the knockout of an affects nucleocapsid production, electron 

microscopy was performed on sections from cells transfected with the an knockout 

bacmid and immuno-stained with a monoclonal antibody against the AcMNPV major 

capsid protein VP39.  Images of cells transfected with the gp64-KO bacmid construct 

under these conditions showed positive immuno-staining of electron dense rod-shaped 

nucleocapsids typical of a baculovirus infection (Fig. 5.5A).  Analysis of alkaline 

nuclease knockout bacmid transfected cells also revealed the presence of a limited 

number of electron-dense, rod-shaped capsids indicating that the mutant has the ability 

to generate a low number of normal-appearing nucleocapsids (Fig. 5.5 B).  However, 

most of the capsid-like structures that we observed were aberrant, elongated structures 

that were electron-translucent and were not observed in cells transfected with the gp64 
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knockout bacmid (Fig. 5.5C and D).  Therefore these data indicate that a bacmid 

lacking alkaline nuclease is defective in producing normal levels of mature 

nucleocapsids which may be a reflection of the apparent defect in DNA processing. 
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Fig. 5.4.  Real-time PCR analysis of viral DNA replication.  At the designated time-
point, total DNA was isolated from Sf-9 cells transfected with the indicated bacmid 
construct, digested with the restriction enzyme DpnI to eliminate input bacmid DNA, 
and analyzed by real-time PCR using SYBR green I.  Values are displayed as the 
average from transfections performed in triplicate with error bars indicating standard 
deviations.  
 
 
Fig. 5.5.  Immuno-gold staining of thin sections generated from gp64-KO or an-KO-
GFP transfected cells at 72 h.p.t.  (A) Image of a gp64-KO transfected cell showing 
normal looking viral nucleocapsids containing an electron-dense core.  (B) Image of 
an an-KO-GFP transfected cell also showing normal looking electron-dense 
nucleocapsids.  (c-d) Images of an-KO-GFP transfected cells showing aberrant rod-
shaped capsid structures lacking an electron dense core.  For all samples, sections 
were stained with the primary monoclonal antibody to the AcMNPV p39 major capsid 
protein as undiluted tissue culture supernatant.  The secondary 10 nm gold-conjugated 
antibody was used at 1:50 dilution.  The bar equals 0.25 µm. 
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Fig. 5.5 
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Discussion 
 

FIGE ANALYSIS OF REPLICATED DNA   

 

In this report, we describe the characterization of viral-specific DNA that is 

synthesized during the baculovirus replication cycle.  A large proportion of the 

replicative intermediates isolated from infected cells and genomic DNA isolated from 

BV were trapped in the wells of an agarose gel when analyzed by FIGE.  Concordant 

with previous reports, this phenomena may be an inherent feature of this type of 

analysis due to the fact that large circular DNA may become impaled on the free ends 

of gel fibers preventing its migration under electrophoresis (Cole and Tellez, 2002).  

In addition, it is thought that herpes simplex virus 1 (HSV-1) replicative intermediates, 

which are also retained in wells, may be complex branched structures, possibly 

derived by strand invasion, or by nascent DNA being synthesized from replication 

origins present on DNA being replicated (Severini et al., 1996; Zhang et al., 1994) and 

reviewed in (Boehmer and Lehman, 1997).  Only after digesting DNA with a single 

cutting restriction enzyme, did we observe monomeric DNA molecules from parental 

bacmid infected cells.  Therefore the retention of undigested DNA may be caused by 

circular and/or complex branched structures.   To ensure that the DNA was completely 

digested under the in situ conditions that we employed, we used quantitative PCR with 

primers flanking the Eco81I site to compare the DNA with and without Eco81I 

digestion.  We determined that over 98% of the DNA had been digested indicating that 

our results were not caused by incomplete digestion by the enzyme.  

In order to resolve full length genomic DNA after digestion with the single cutting 

enzyme Eco81I, the parameters defined by program 4 of the field inversion apparatus 

were most optimal.  Under these conditions, however, in addition to unit length 

genomic DNA, a compressed population of DNA molecules of >250 kb were also 

produced.  However, using a different FIGE program (program 5) which is suitable for 
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separating DNA in the size range of 50 to 600 kb, the migration pattern became more 

diffuse indicating that this DNA is likely heterogeneous in size and not a discrete 

species of a specific length (data not shown).  This has led us to suggest that the 

migration of this high MW DNA may be the result of branched structures produced by 

multiple initiation of DNA replication on the same molecule or by recombination by 

strand invasion.   

We have previously described a bacmid knocked out for vlf-1 and found that it was 

similar to the an knockout in that it lacked infectivity and was able to synthesize DNA 

at similar to gp64 knockout levels (Vanarsdall et al., 2004; Vanarsdall et al., 2006).  

However, in contrast to the an knockout, FIGE analysis demonstrated that the pattern 

of DNA synthesized by the vlf-1 knockout was indistinguishable from the gp64 

knockout virus.  In contrast, the DNA produced by the an knockout appeared to 

contain a large and heterogeneous population of low MW species of about 50 to 100 

kb that were not present in the gp64 knockout control or parental bacmid infected 

cells.  Furthermore, digestion with Eco81I yielded predominantly DNA smaller than 

genome length and the higher MW (>250 kb) bands were not evident.  These data 

indicated that, although 'wt' levels of DNA can be synthesized by this mutant, much of 

the DNA is of sub-genome size.   

 

 

A ROLE FOR RECOMBINATION IN BACULOVIRUS REPLICATION?   

 

Although the production of sub genome size DNA by the alkaline nuclease 

knockout could have been caused by a requirement for alkaline nuclease for the 

processivity of the DNA polymerase complex, there is no evidence for the baculovirus 

alkaline nuclease or its homologs playing such a role.  In contrast, the baculovirus 

alkaline nuclease is a member of a family of enzymes that are involved in homologous 

recombination, and the fact that we have demonstrated that the AcMNPV AN also has 
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enzymatic properties characteristic of these proteins (Mikhailov et al., 2003a), the 

presence of these small DNA fragments are consistent with the an knockout virus 

being defective in homologous recombination.  The reason that AcMNPV may 

employ homologous recombination for genome production is not clear.  It may be 

required because the production of subgenome size DNA may be an intrinsic feature 

of AcMNPV DNA replication, but this has not been documented.  It could also be a 

response to apoptosis.  Although the ability of AcMNPV to block apoptosis is well-

documented (Clem et al., 1991), the blockage may not be complete and a 

recombination system may assist in repairing partially degraded viral DNA.   

 The fragmented DNA produced by the bacmid lacking an could also result 

from a defect in packaging.  If the DNA produced by this mutant is not packaged 

properly, it may not be protected from nucleases in the cell.  However, with a vlf-1 

knockout mutant that we have investigated, although the DNA does not appear to be 

packaged, it is not fragmented (Vanarsdall et al., 2006)  

In addition to participating in the production of replication intermediates, alkaline 

nuclease could have other effects on virus replication.  Electron microscopic 

examination of the nucleocapsids produced by the alkaline nuclease indicates that 

most of them are aberrant in structure suggesting that the DNA produced by the 

alkaline nuclease knockout cannot be packaged properly.  Furthermore, homologous 

recombination may be a final event in the production of circular genomes.  

Recently plant mitochondrial and chloroplast DNA has been characterized.  In 

both instances, evidence for recombination-dependent replication and the presence of 

complex branched structures were reported (Bendich, 2004; Manchekar M and 

Related Articles, 2006). The maize chloroplast (cp) genome is similar in size to the 

baculovirus bacmid genomes that we have investigated (~146 kb) and appears to map 

as two isomers caused by inversion between an inverted repeat region, although much 

of the DNA appears to be present in a complex structure (Oldenburg and Bendich, 

2004b). When run on a pulsed-field gel, much of the cp DNA was retained in the well.  
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Visualization of this DNA by ethidium bromide staining and fluorescence microscopy 

under electrophoretic or fluid force revealed that the well-bound DNA consists of 

multiple linear DNA fibers extending 'medusa-like' from a central core (Oldenburg 

and Bendich, 2004a; Oldenburg and Bendich, 2004b). Upon treatment with a 

restriction enzyme with a single site in the cp genome, the long DNA fibers were 

released, but a core with short fibers comprising 28% of the DNA remained in the 

well.  The nature of the core structure remains to be determined. 

 

 

A ROLE FOR ALKALINE NUCLEASE IN OTHER VIRAL SYSTEMS 

 

The importance of alkaline nuclease has been documented in other viral 

systems.  Mutant herpes simplex virus with knockouts of their alkaline nuclease gene 

have also been investigated.  Similar to our observations for the baculovirus alkaline 

nuclease knockout (an-KO-GUS(Eco81I)), the HSV-1 an mutant is capable of 

synthesizing viral DNA (Shao et al., 1993), but the DNA is non infectious when 

transfected into susceptible cells (Porter and Stow, 2004).  In addition, HSV-1 AN 

mutants show a high frequency of abortive packaging and few mature complete 

capsids (Shao et al., 1993).  Similarly, the baculovirus alkaline nuclease knockout that 

we have characterized produced numerous aberrant capsids.  It is difficult to compare 

FIGE analyses of DNA produced by baculovirus and HSV-1 alkaline nuclease mutants 

because mature baculovirus genomes are circular rather than linear and therefore 

cannot be readily analyzed by FIGE without restriction endonuclease digestion.  In 

addition, the capsid structures differ (rod-shaped vs icosahedral) which might 

influence the packaging process.  However, in one study when HSV DNA was 

isolated from wells and examined by electron microscopy, it was found that DNA 

from the alkaline nuclease knockout appeared to be much shorter than that from wt 

virus suggesting that it was more fragile than wt DNA (Goldstein and Weller, 1998).  
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REPLICATION OF BACULOVIRUS GENOMES   

 

 It has previously been suggested that baculovirus genome DNA is replicated by a 

rolling circle type mechanism (Oppenheimer and Volkman, 1997).  When we 

examined DNA by partial digestion with Eco81I at 10, 20 and 72 hr p.i. followed by 

FIGE using either program 4 or program 5 we found no evidence for concatemeric 

DNA being produced (data not shown).  However, even if concatemeric DNA 

fragments were observed, it would not rule out that they had been produced by DNA 

recombination or a combination of recombination and rolling circle replication.  Our 

observations are similar to those for the characterization of HSV-1 replication 

intermediates which were found to be less than two genomes in length (Deshmane et 

al., 1995).   

 The use of baculoviruses as expression vectors has long been exploited 

because of their facility to incorporate genetic material via homologous 

recombination.  The conservation of alkaline nuclease in all baculovirus genomes that 

have been sequenced suggests that recombination may be an essential feature of 

baculovirus genome replication.  The research reported here, suggests that alkaline 

nuclease is essential for the production of DNA that can be processed into mature 

genomes.  The exact mechanism for genome replication and the details of the 

replication intermediates remain to be determined.   
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Abstract 

 

Autographa californica multiple nucleopolyhedrovirus (AcMNPV) encodes 

two proteins that possess properties typical of single-stranded DNA binding proteins 

(SSBs), late expression factor-3 (LEF-3) and a protein referred to as DNA binding 

protein (DBP).  Whereas LEF-3 is a multi-functional protein essential for viral DNA 

replication, transporting helicase into the nucleus, and forming a stable complex with 

the baculovirus alkaline nuclease, the role for DBP in baculovirus replication remains 

unclear.  Therefore to better understand the functional role of DBP in viral replication, 

a DBP knockout virus was generated from an AcMNPV bacmid and analyzed in a 

tissue culture model system.  The results of a growth curve analysis indicated that the 

dbp knockout construct was unable to produce budded virus indicating that dbp is an 

essential gene.  To investigate its role in DNA replication, a real-time PCR-based 

assay was employed and showed that, although some viral DNA synthesis occurred in 

cells transfected with the dbp knockout, the levels were less than that of the control 

virus suggesting that DBP is required for normal levels of DNA synthesis.  In 

addition, analysis of the viral DNA replicated by the dbp knockout by using pulsed-

field gel electrophoresis failed to detect the presence of unit-length DNA representing 

mature genomes.  Furthermore, analysis of DBP from infected cells indicated that 

similar to LEF-3, DBP was tightly bound to viral chromatin.  Assessmnent of the 

cellular localization of DBP relative to replicated viral DNA by immuno-electron 

microscopy indicated that at 24 hours post-infection DBP co-localized with replicated 

DNA at distinct electron-dense regions within the nucleus.  Finally, immuno-electron 

microscopic analysis of cells transfected with the dbp knockout revealed that DBP is 

required for the production of normal-appearing nucleocapsids.   
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Introduction 

 

The family Baculoviridae consists of a diverse group of rod shaped viruses that 

contain circular covalently closed (ccc) dsDNA genomes that range in size from 80 to 

180 kbp.  Baculovirus infections are restricted to invertebrates with the most well 

studied example, Autographa californica multiple nucleopolyhedrovirus (AcMNPV), 

pathogenic for insects of the order Lepidoptera.  Upon entry of AcMNPV into a 

susceptible host, replication occurs in the nucleus to generate two virus types.  Budded 

virus (BV) are produced from nucleocapsids that become enveloped during egress 

through the plasma membrane that has been modified by the viral fusion protein 

GP64.  In contrast, occlusion derived virus (ODV) are produced from nucleocapsids 

that remain in the nucleus where they are enveloped prior to becoming occluded 

within a crystalline matrix comprised of the polyhedrin protein.  BV is associated with 

systemic infection, whereas ODV mediate lateral transmission between insects when 

released into the environment upon death of the host.   

 It has been determined through the use of a transient replication assay that six 

baculovirus gene products are required for viral DNA replication (Kool et al., 1994; 

Todd et al., 1995).  These include an activator of transcription (ie-1); a helicase 

(p143); a DNA polymerase (dnapol), late expression factor-1 (lef-1) that functions as a 

primase, lef-2 that serves as a primase accessory factor, and lef-3, a single-stranded 

DNA binding protein.  More recently, the lef-11 gene product was shown to be 

required for replication of bacmid DNA in tissue culture (Lin and Blissard, 2002).   

Previously, using a protein purification scheme to isolate DNA binding 

proteins from high salt nuclear extracts from BnN cells infected with Bombxy mori 

nucleopolyhedrovirus (BmNPV), a 38 kDa protein was identified and designated as 

DNA-binding protein, or DBP (Mikhailov et al., 1998).   This protein was shown to 

elute from single-stranded DNA cellulose at much higher salt concentrations than the 

BmNPV LEF-3 protein indicating its possessed a higher affinity for single-stranded 
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DNA.  In addition, the DBP protein from BmNPV infected cells was highly abundant, 

yielding 30 µg of protein from 5 × 108 cells.  Sequence analysis of protease treated 

peptide fragments revealed that DBP was encoded from ORF 16 of BmMNPV, and 

homologs of the DBP gene have been identified in all baculovirus genomes sequenced 

to date except the NPVs from Diptera, which also lack homologs of LEF-3 (Okano et 

al., 2001; Okano et al., 2006).  In this report we describe the initial construction of an 

AcMNPV bacmid lacking ORF 25 encoding the DBP gene and the subsequent 

characterization in an Sf-9 tissue culture model system.   

 

 

Material and Methods 
 

 

CELLS AND ANTIBIOTICS 

 

 Spodoptera frugiperda (Sf-9) cells were cultured in Sf-900 II serum-free 

medium (Invitrogen) with added penicillin G (50 units/ml), streptomycin (50 

units/ml,Whittaker Bioproducts), and fungizone (amphotericin, 375 ng/ml, Invitrogen) 

as previously described (Harwood et al., 1998).  

 

 

 BACMID CONSTRUCTION, PURIFICATION, AND TRANSFECTION 

 

The control bacmid used for these studies (gp64-KO) is a non-infectious 

bacmid construct lacking the gp64 ORF that encodes the baculovirus major envelope 

fusion glycoprotein and has been described previously (Vanarsdall, 2006).  A bacmid 

construct lacking the DNA binding protein (dbp-KO) was generated with the λ Red 

homologous recombination system in Escherichia coli using a previously described 



 158 

protocol (Vanarsdall et al., 2004).  Briefly, primers dbp-KO-1, (5’-

ATTTATTGTTCAATAATAACAAATATTCCAGGCTTAAAAGCTAACGAATAG

CGATTGTGTAGGCTGGAGCTGCT-3’) and DBP-KO-2, (5’-

CCACAGCAGACAGCGCACGTCGGTAGCATGGCAACTAAACGCAAGATTGG

CATATGAATATCCTCCTTAGTTCC-3’) were used to generate a linear 

chloramphenicol acetyl transferase (CAT) marker cassette from plasmid pKD3 

(Datsenko and Wanner, 2000) and include 50 nucleotides of sequence homology to the 

5’ and 3’ region of the dbp open reading frame (ORF 25).  This fragment was 

subsequently electroporated into E. coli DH10B cells containing bacmid bMON14272 

(Invitrogen) and plasmid pKD46 encoding the λ Red recombination genes gam, beta, 

and exo (Datsenko and Wanner, 2000).  Potential bacmid knockout clones were 

selected for on LB plates containing chloramphenicol and isolated colonies were 

screened for insertion of the CAT gene at the dbp locus by PCR using primers 

Ac20970, (5’-CGCCCAGATACTGGTTTACG-3’), that anneals to a genomic region 

outside the recombination locus and primer CATR2 (5’-

TTGTTACACCGTTTTCCATGAGC-3’) that is specific for the CAT gene.  To 

confirm that the observed phenotype is due to deletion of the target gene and not from 

secondary mutations, a repair virus was constructed by re-inserting the dbp ORF under 

control of its native promoter at the polyhedrin locus by Tn7 mediated transposition.  

This was accomplished by PCR amplifying the dbp ORF and native promoter with 

primers DBP-1, (5-’ATGAATTCTGATAAAATAAAACGGGGGC-3’) and DBP-2 

(5’-GCTCTAGATTATTGTTCAATAATAACAAATATTC-3’), cloning the PCR 

product into PCR2.1 TOPO vector (Invitrogen), and then removing the repair 

fragment and ligating it into the NotI and HindIII sites of plasmid pfbie-GUS(Eco81I) 

as described previously (Vanarsdall, 2006).  

Bacmid DNA was purified from 0.5 liter cultures using the Large-Construct or 

Maxi purification kits (Qiagen) according to the manufacturer’s instructions and 2 µg 



 159 

of purified DNA was used for transfecting Sf-9 cells (0.9 x 106 cells/well) seeded in a 

six-well plate via a cationic liposome method (Campbell, 1995).  Briefly, bacmid 

DNA was mixed with 200 µl of Sf-900 II medium containing 10 µl of liposomes and 

incubated at 27°C for 30-45 minutes.  After incubation, the DNA solution was 

increased to 1 ml with SF 900 II medium and overlaid onto freshly plated Sf-9 cells 

and transferred to 27°C and allowed to incubate for 4 h.  After 4 h incubation, the 

transfection media was removed and the cells were replenished with 2 ml of fresh SF-

900 II medium and returned to 27°C.  

 

 

VIRUS GROWTH CURVE   

 

To determine the titers of virus supernatants, Sf-9 cells were transfected as 

described above and at the indicated time-points the supernatants were collected and 

the titers determined using a TCID50 end-point dilution assay using the GUS reporter 

gene as a marker for infection (O'Reilly et al., 1992).  Cells seeded onto 96-well plates 

were incubated with transfected tissue culture supernatants for 7 days and then lysed 

with 100 µl of cell extraction buffer (50 mM sodium phosphate, 10 mM EDTA, 5 mM 

β-mercaptoethanol, 0.1% sodium n-lauroylsarcosine, 0.1% Triton X-100) containing 

2mM 4-methylumbelliferyl β-D-glucuronide (4-MUG).  After lysing the cells, the 

plates were incubated at 37°C overnight and then analyzed with UV light to determine 

wells that were positive for viral infection. 
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SUB-NUCLEAR LOCALIZATION OF DBP AND LEF-3.  

 

Sf9 cells (30 ml, ~106 /ml) infected with AcMNPV at a MOI of 5 were 

collected at 10 and 20 hpi. The cells were washed in phosphate-buffered saline (PBS) 

and then in a hypotonic buffer A (20 mM Hepes-HCl (pH 7.5), 5 mM KCl, 1.5 mM 

MgCl2, 1 mM DTT) and a set of protease inhibitors (1 mM phenylmethylsulfonyl 

fluoride, 1 µM pepstatin, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 2 µg/ml E64).  After 

swelling for 10 min in the buffer A, the cells were disrupted in a Dounce homogenizer, 

and nuclei were precipitated by centrifugation for 10 min at 1,000 x g.  The nuclei 

were washed for 10 min in the buffer A supplemented with 1% Nonidet P-40 and 

pelleted for 10 min at 2,000 x g.  The detergent-washed nuclei were treated with 

DNase I (50 µg/ml) and RNase A (10 µg/ml) in buffer A for 1 h at room temperature 

and were pelleted for 10 min at 3,000 x g.  The nuclease-treated nuclei were extracted 

for 20 min in a mixture containing equal volumes of buffer A and 4 M NaCl and were 

centrifuged for 10 min at 10,000 x g.  The nuclear residue was treated again with 

nucleases: DNase I (20 µg/ml) and RNase A (10 µg/ml) in buffer A for 30 min at 

room temperature, and the nuclear matrix was precipitated by centrifugation for 10 

min at 10,000 x g.  The volume of each fraction was equal to 1.5 ml.  Portions from 

the fractions obtained by fractionation were subjected to SDS-11% PAGE and 

Western blotting using polyclonal antibodies to DBP and LEF-3, and monoclonal 

antibody to Drosophila lamin. The protein content of the fractions was estimated by 

scanning lanes in the gel stained by Coomassie brilliant blue.   

 

 

CHROMATIN FRACTIONATION   

 Nuclei were purified from Sf-9 cells (~106 /ml) infected with AcMNPV at a MOI of 5 at 20 

hpi.  The cells were washed in PBS and then incubated for 10 min on ice in 1.5 ml of buffer B 
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(20 mM Tris-HCl (pH 8.0), 140 mM NaCl, 3 mM MgCl2, 1 mM DTT, 1% Nonidet P-40) and a 

set of protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 µM pepstatin, 5 µg/ml 

leupeptin, 5 µg/ml aprotinin, 2 µg/ml E64).  The nuclei were centrifuged for 10 min at 1,000 x 

g, then were suspended in 1.5 ml of buffer B, incubated for 10 min and centrifuged again.  The 

purified nuclei were then subjected to chromatin fractionation by as described previously with 

minor modification (Busch, 1984).  The nuclei were sequentially extracted with buffers 

containing: step a, 20 mM Tris-HCl (pH 8.0), 75 mM NaCl, 25 mM EDTA, 1 mM DTT, 0.5 

mM PMSF; step b, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF; step 

c, 20 mM Tris-HCl (pH 8.0), 0.35 M NaCl, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF; step d, 

20 mM Tris-HCl (pH 8.0), 0.6 M NaCl, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF; step f, 0.2 

M H2SO4.  Extractions were performed twice.  The volume of each fraction was equal to 1.5 ml 

(steps a to d) or 0.75 ml (step f). Portions from the fractions obtained were subjected to SDS-

12% PAGE and to Western blotting using polyclonal antibodies to DBP and LEF-3. The protein 

content of the fractions was estimated by scanning lanes in the gel stained by Coomassie 

brilliant blue.  

 

 

QUANTITATIVE DNA REPLICATION ASSAY   

 

To assess viral DNA replication, a quantitative real-time PCR (Q-PCR) assay 

was performed as previously described with the following modifications (Vanarsdall 

et al., 2005).  To prepare total DNA for analysis, Sf-9 cells transfected with bacmid 

DNA, harvested into 1 ml PBS, centrifuged at 5000 rpm for 3 min and placed in -80° 

C .  Total DNA was extracted from cell pellets with 100 µl of cell lysis buffer (10 mM 

Tris-pH 8.0, 100 mM EDTA, 20 µg/ml RNAase A, 1% SDS) and incubated for 30 

min at 37° C before adding 80 µg/ml of proteinase K and continuing incubation 

overnight at 65°C.  Total DNA was extracted once with 100 µl of buffer-saturated 
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phenol-chloroform and the aqueous layer removed and brought up to a total volume of 

300 µl with sterile water.  Prior to PCR, 5µl of total DNA from each time-point was 

digested with 2U of DpnI restriction enzyme (Fermentas) overnight in 20 µl total 

reaction volume.  This digested any input bacmid DNA.  The PCR reaction was 

performed with 2 µl of the digested DNA added to Platinum Taq PCR SuperMix UDG 

(Invitrogen) according to the manufacture’s instructions with primers (5’-

CGTAGTGGTAGTAATCGCCGC-3’) and (5’-AGTCGAGTCGCGTCGCTTT-3’) 

used at 100nM final concentration and the dual-labeled probe (5’-FAM-

AGTTCGAGGGCGACACCCTG-TAM-3’) at a final concentraion of 100 nM.   

These primers anneal to genomic regions that span fou DpnI restriction sites located in 

the gp41 open reading frame.  Samples were analyzed on an ABI Prism 7500 sequence 

detection system under the following conditions: 50°C for 2 min, 95°C for 2 min, and 

45 cycles of 95°C for 30 s and 60°C for 30 s.  

 

SLOT-BLOT ANALYSIS 

 

 To further analyze viral DNA replication, slot-blot analysis was used.  Sf-9 

cells were transfected with bacmid DNA and at the designated time-point, cells from 1 

well of a six-well plate were harvested in 1 ml of PBS and 100 µl of the cell 

suspension was removed and stored at –80° C.  DNA was analyzed by boiling the cell 

samples at 100° for 10 min, quickly cooling on ice for 5 min, and then applied to 

Hybond N+ membranes (Amersham) using a hybri-slot manifold (BRL).  The 

membrane was hybridized with (alpha 32P)dATP labeled bacmid DNA overnight at 

55° C in 6 × SSC at ~1 × 106 , washed twice with 2 × SSC at 65°, and once with 0.2 × 

SCC at 70° C.   
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FIELD-INVERSION GEL ELECTROPHORESIS   

 

Sf-9 cells were transfected as described above and at the selected time-points 

cells were harvested, washed once with phosphate-buffered saline (PBS), and mixed 

with 0.8% low-melting agarose and poured into a plug mold.  The agarose plugs were 

then treated with 10 mM Tris HCl (pH 8.0), 100mM EDTA, 1% N-lauroyl sarcosine, 

and 200 µg/ml proteinase K at 50ºC overnight.  After washing several times with 10 

mM Tris-HCl (pH 8.0), samples were stored at 4º C until further use.  To prepare 

DNA for electrophoresis, agarose pieces were digested with 30U of Eco81I and/or 

10U of DpnI in 100 µl of reaction volume overnight.  After digestion, agarose plugs 

were inserted into the loading wells of a 1% slab gel made with 0.5 x TBE buffer (45 

mM Tris-borate, pH 8.0, 1 mM EDTA).  The DNA was separated by field inversion 

gel electrophoresis (FIGE) using a MJ Research PPI-200 programmable pulse inverter 

with program 4 (initial reverse time; 0.05 min, reverse increment; 0.01 min, initial 

forward time; 0.15 min, forward increment; 0.03 min, number of steps; 81, reverse 

increment; 0.001 min, forward increment; 0.003) and run at 8V/cm for 17 hr at 4ºC.  

MidRange PFG marker I (New England Biolabs) was used as DNA size marker.  The 

DNA was transferred to a nylon membrane and hybridized with viral genomic DNA 

using the Alkaline phosphate direct labeling system (Amersham) as described 

previously (Vanarsdall et al., 2004) or by 32 –P labeled bacmid DNA.   

 

 

IMMUNO-ELECTRON MICROSCOPY   

 

To analyze nucleocapsid production, Sf-9 cells were either transfected as stated 

above, harvested at 72 h.p.t, and prepared for immuno-electron microscopy as 

described previously (Russell and Rohrmann, 1990).   A mouse monoclonal to 



 164 

AcMNPV vp39 (a generous gift from Dr. Loy Volkman) was used as undiluted tissue 

culture supernatant.  The goat anti-mouse IgG 10nm gold secondary antibody was 

used at a dilution of 1:50.  Images were obtained with a Phillips EM 300 electron 

microscope.    

To investigate DBP localization with viral DNA, Sf-9 cells were infected with 

a parental Ac-GUS BV stock at an MOI of 5.  At 12 h.p.i, the cell supernatant was 

removed and replaced with culture medium containing BrdU labeling reagent at a 

1:100 dilution (Zymed Laboratories).  Cells were harvested at 24 h.p.i and processed 

as described above.  Prior to antibody staining, grids were floated on 20 µl drops of 

5N HCl for 20 min and washed briefly with 10 mM Tris HCl (pH 7.4).   Antigens 

were detected simultaneously with a primary antibody mixture containing a 

monoclonal antibody to BrdU (Oncogene) diluted 1:50 and a polyclonal antibody to 

baculovirus DBP (Okano et al., 1999) diluted 1:500.   A secondary antibody mixture 

was prepared with a goat anti-mouse IgG conjugated to 20 nm gold and a goat anti-

rabbit IgG conjugated to 10 nm gold.  Both secondary antibodies were diluted to 1:50.   

Images were obtained with a Phillips EM 300 electron microscope.    

 

 

Results  

 

ANALYSIS OF BUDDED VIRUS PRODUCTION AND GENE EXPRESSION 

 

To determine whether dbp was required for BV production, a growth curve 

analysis was preformed to monitor the amount of BV produced from bacmid 

transfected cells.  For these analyses, cell supernatants were collected every 24 hours 

up to 120 hours post-transfection (h.p.t.) and titered by end-point dilution assays.  As 

shown in Fig. 6.1, no infectious BV was detected in supernatants collected from cells 

transfected with the dbp-KO bacmid at any time-point.  In contrast, beginning at 24 
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h.p.t. and continuing to 120 h.p.t., the BV titer from cells transfected with the dbp 

repair virus was similar to the level of BV produced from cells transfected with the 

infectious control bacmid (AcGUS), indicating that re-inserting the dbp ORF at the 

polyhedrin locus of the original dbp knockout was sufficient to restore the non-

infectious phenotype and confirmed that the lack of BV production in the null mutant 

is directly due to deletion of the dbp gene.    

To rule out the possibility that the lack of BV production in cells transfected 

with the dbp-KO bacmid was due to the absence of viral gene expression, we 

investigated whether DBP was necessary for the expression of different classes of 

viral proteins.  The accumulation of the early viral protein LEF-3, the late protein 

VP39, and the very late viral protein P10 in cells transfected with the dbp-KO bacmid 

was monitored at different times post-transfection (Fig. 6.2).  The cell extracts were 

subjected to SDS-PAGE, and the amount of LEF-3 and VP39 was determined by 

Western blotting and specific antibodies (Fig. 6.2, panels B and C), whereas the 

abundant very late protein P10 was directly visualized by staining gels with 

Coomassie blue (Fig. 6.2, panel D).  The results of this analyses showed that the early 

protein LEF-3, the late protein VP39, and the very late protein P10 were all 

synthesized in the cells lacking DBP.  Therefore these results indicate that DBP is not 

essential for the synthesis of these respective gene products and that DBP is not a 

member of the LEF-family of viral factors that are required for synthesis of late (and 

very late) viral products. 
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Fig. 6.1  Analysis of BV production from bacmid transfected cells.  At the indicated 
time-points, the supernatants from Sf-9 cells transfected with equimolar amounts of 
the dbp knockout bacmid (dbp-KO), the dbp repair bacmid (dbp-rep), or a control 
bacmid (Ac-GUS) were removed and the titers determined by TCID50 end-point 
dilution assay. The points indicate averages from transfections performed in triplicate 
and error bars represent standard deviations.  
 
 
Fig. 6.2  Western blot analysis of the synthesis of viral proteins in Sf-9 cells 
transfected with the dbp knockout (dbp-KO) or DBP repair (dbp-rep) bacmid. (A)  Sf-
9 cells were transfected with the dbp-KO bacmid (lane 1), the repair bacmid (dbp-rep) 
(lane 2), or were mock transfected (lane 3) and harvested 72 hpt.  Portions of the cell 
extracts in 0.5 x 104 cells were analyzed by SDS-15% PAGE.  The blot was developed 
with polyclonal antibodies to DBP.  (B-C)  Time-course of the synthesis of LEF-3 and 
VP39 in Sf-9 cells transfected with the dbp-KO bacmid.  The transfected cells were 
harvested at times indicated above the respective lanes.  Portions from the cell extracts 
corresponding to 1 × 105 cells were subjected to SDS-12% PAGE. The blot was first 
developed with polyclonal antibodies to LEF-3 (B), and then with monoclonal 
antibody to VP39 (C).  Time-course of the synthesis of P10 in Sf-9 cells transfected 
with the dbp-KO bacmid (lanes 1-3) or with the repair bacmid (lanes 5-7). The 
transfected cells were harvested at times indicated above the respective lanes.  
Portions from the cell extracts that corresponded to 1 × 105 cells were subjected to 
SDS-15% PAGE.  The gel was stained with Coomassie brilliant blue.  Lanes “M” 
show the extract from mock transfected cells.  Protein standards (in kDa) are shown on 
the right.  
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Fig. 6.2  
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ASSOCIATION OF DBP WITH SUB-NUCLEAR STRUCTURES 

 

As shown previously (Okano et al., 1999), DBP localizes in baculovirus 

infected cell to the nucleus.  In order to identify possible nuclear sub-structures that 

recruit DBP, we performed experiments analyzing fractions of nuclei purified from 

AcMNPV-infected cells by using a standard protocol for isolating the nuclear matrix.  

A similar fractionation scheme was employed previously to confirm that the viral 

protein pp31 associates with the nuclear matrix (Guarino et al., 1992).  The 

fractionation was carried out at two stages of virus replication, the early (10 hpi) and 

late (20 hpi) stage.  The association of DBP with sub-nuclear structures was compared 

with that for another viral DNA-binding protein, LEF-3 (Fig. 6.3A).  Most DBP and 

LEF-3 appeared in the cytoplasmic fraction after homogenization of infected cells 

harvested at 10 hpi (Fig. 6.3A, compare lane 1 and 7).  In contrast, the cytoplasmic 

fraction of DBP and LEF-3 was lower than the nuclear fraction for cells harvested at 

20 hpi (Fig. 6.3A, compare lane 2 to lane 8).  The appearance of nuclear proteins in 

the cytoplasmic fraction might be caused by the leakage of soluble proteins from the 

nucleus that generally accompanies cell fractionation in aqueous solutions.  The more 

tight association of DBP and LEF-3 with nuclear structures at 20 hpi than at 10 hpi 

suggests that the number of binding sites for DBP and LEF-3 in the nucleus increased 

in the course of infection which might be caused by multiplication of the viral 

genome.  Washing in a buffer containing Nonidet P-40 increased the solubility of 

some DBP and LEF-3 from the nucleus (Fig. 6.3A, lanes 3 and 4).  Treatment with 

DNase and RNase released only a small portion of DBP associated with nucleus, but 

no LEF-3 (Fig. 6.3A, lanes 5 and 6).  Hence, the fragmentation of nucleic acids is not 

enough to solubilize DBP or LEF-3 that are tightly bound in the nucleus.  Further 

treatment with 2 M NaCl, which should release all chromatin-bound proteins, 

solubilized practically all of the DBP and LEF-3 associated with the nucleus (Fig. 
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6.3A, lanes 7 and 8).  The nuclear matrix fractions obtained after additional treatment 

with DNase and RNase contained approximately of 6 to 8% of total cellular protein 

and the whole cellular pool of the nuclear matrix marker protein, lamin, but only 

traces of DBP or LEF-3 (Fig. 6.3A, lanes 11 and 12).  Therefore these results indicate 

that neither DBP nor LEF-3 are components of the nuclear matrix, and they 

presumably associate with chromatin.  This conclusion conforms to the initial 

identification of DBP and LEF-3 as DNA-binding proteins.  

 In order to identify the chromatin components that interact with DBP or LEF-

3, chromatin-associated proteins of nuclei from cells harvested at 20 hpi were 

fractionated by using a standard protocol (Busch, 1984, 238).  At first, the nuclei were 

washed twice with a buffer containing 75 mM NaCl and 25 mM EDTA (Fig. 7.3B, 

lanes 1 and 2), and then with a buffer containing 10 mM Tris, pH 8.0 (Fig. 6.3B, lanes 

3 and 4). These washings released approximately 17% of total nuclear protein but no 

DBP and only a minor portion of LEF-3.  The next washings were performed with a 

buffer containing 0.35 M NaCl that should release the high mobility and low mobility 

groups (HMG and LMG) of non-histone chromatin proteins.  This fraction contained 

only traces of DBP and a small portion of LEF-3 (Fig. 6.3B, lanes 5 and 6).  Washing 

with 0.6 M NaCl yielded extracts containing predominantly histone H1, but not core 

histones.  The respective fraction contained traces of DBP and some LEF-3 (Fig. 6.3B, 

lanes 7 and 8).  The 0.2 M H2SO4-soluble fraction of chromatin proteins contains core 

histones and was directly confirmed by staining the gels after SDS-PAGE with 

Coomassie blue (data not shown).  This fraction contained low amounts of DBP and 

LEF-3 (Fig. 6.3B, lanes 9 and 10). The major portion of both DBP and LEF-3 was 

recovered in the residue fraction (R) containing proteins tightly associated with DNA 

(Fig. 6.3B, lane 11).  Therefore the results of the chromatin fractionation experiment 

suggests that the non-histone proteins eluted at 0.6 M NaCl and the host cell histones 

did not provide primary binding sites for DBP and LEF-3.  
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Fig. 6.3  (A) Western blot analysis of the association of DBP and LEF-3 with sub-
nuclear structures. AcMNPV-infected Sf9 cells were harvested at 10 or 20 hpi and 
homogenized in a hypotonic buffer (see “Materials and Methods”).  Nuclei were 
separated from the cytoplasmic fraction “C” (lanes 1 and 2) by centrifugation and 
were sequentially washed with buffer containing 1% Nonidet P-40 (lanes 3 and 4), 
treated with DNase and RNase (lanes 5 and 6), extracted with buffer containing 2 M 
NaCl (lanes 7 and 8), treated again with DNase and RNase (lanes 9 and 10), and 
finally the nuclear matrix “NM” was collected (lanes 11 and 12). A portion from each 
fraction that corresponded to 0.9 x 105 cells was analyzed by SDS-11% PAGE.  The 
blot was first developed with polyclonal antibodies to DBP, then with polyclonal 
antibodies to LEF-3, and finally with the monoclonal antibody ADL101 to Drosophila 
lamin Dm0. The amount of protein in each fraction was estimated by optical 
densitometry of the Coomassie stained gel and is shown as the percentage of total 
cellular protein above the respective lane.  (B) Western blot analysis of the association 
of DBP and LEF-3 with chromatin structures.  Nuclei were isolated from AcMNPV-
infected Sf-9 cells harvested at 20 hpi as described in the “Materials and Methods” 
and were sequentially extracted with buffers containing 75 mM NaCl, 25 mM EDTA 
(lanes 1 and 2), 10 mM Tris, pH 8.0 (lanes 3 and 4), 0.35 M NaCl (lanes 5 and 6), 0.6 
M NaCl (lanes 7 and 8), and with 0.2 M H2SO4 (lanes 9 and 10). Extraction with each 
solution was performed twice.  Lane R presents the nuclear residue. A portion from 
each fraction that corresponded to 1.2 x 105 cells was analyzed by SDS-11% PAGE. 
The blot was first developed with polyclonal antibodies to DBP, and then with 
polyclonal antibodies to LEF-3. Percentage of nuclear protein extracted by each 
solution is shown above the lanes. 
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QUANTITATIVE ANALYSIS OF VIRAL DNA REPLICATION 
 

To evaluate whether the lack of BV production by the dbp knockout was due 

to the absence of DNA synthesis, a quantitative DNA replication assay was 

performed.  Because the dbp knockout bacmid was unable to produce BV as indicated 

by the growth curve analysis, replicated viral DNA from cells transfected with the dbp 

knockout was compared to DNA replicated by a bacmid lacking the gp64 gene that 

encodes the envelope protein and serves as a non-infectious control virus (Vanarsdall, 

2006).  Additionally, the region used for PCR amplification contains four DpnI 

restriction sites and total DNA extracts were treated with DpnI prior to PCR 

amplification which serves to eliminate all input bacmid DNA (see Material and 

Methods).  The results of this analysis show that in cells transfected with the dbp 

knockout virus, although viral DNA synthesis occurs, the level of nascent DNA 

produced was reduced relative to the gp64 control knockout (Fig 6.4A).  This 

reduction in DNA synthesis appeared to occur throughout the time-course.  At the 

final time-point of 96 hours post-transfection, the level of DNA synthesized by the 

dbp knockout was about 50% lower than the amount of DNA synthesized by the gp64 

knockout control virus (Fig. 6.4A).   

To confirm the results of the real-time PCR analysis, replicated viral DNA was 

analyzed by slot-blot hybridization.  Although not as quantitative as real-time PCR, 

the results of the slot-blot analysis also showed that during a 96 hour time-course the 

signal intensity produced with DNA extracts from dbp knockout transfected cells was 

much lower than the signal intensity produced with DNA extracts from cells 

transfected with the gp64 knockout control (Fig. 6.4B).  Therefore, although not 

absolutely required for DNA synthesis, DBP appears to be necessary for producing 

normal levels of viral DNA.    
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Fig. 6.4  Analysis of viral DNA replication in tranfected Sf-9 cells.  (A) Analysis of 
viral DNA replication by real-time PCR.  The bar graph represents the amount of 
nascent viral DNA synthesized in Sf-9 cells transfected with either the gp64 knockout 
virus serving as the non-infectious control or the dbp knockout virus.  At the 
designated time-point, total DNA was isolated, treated with DpnI enzyme to digest 
input bacmid DNA, and analyzed by real-time PCR using a taqman probe and primer 
set that amplifies a 100 bp region of the AcMNPV gp41 open reading frame.  The 
values displayed are the averages from transfections performed in triplicate with error 
bars indicating the standard deviations.  (B) Slot-blot analysis of replicated viral DNA.   
At the indicated time-points, 1 well from a six-well plate of Sf-9 cells transfected with 
either the gp64 or dbp knockout virus was harvested in 1 ml PBS and 100 µl of of the 
cell suspension was removed, processed, and applied to nylon membrane using a slot-
blot apparatus.  The membrane was probed with 32-P labeled AcMNPV genomic 
DNA.   
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CHARACTERIZATION OF REPLICATED VIRAL DNA BY FIELD-INVERSION 

GEL ELECTROPHORESIS 

 

The baculovirus DBP has been shown to have a high affinity for single-

stranded DNA and appears to be tightly bound to chromatin in virus-infected cells.  

Based on these observations, it could be predicted that DBP may be required for the 

production or maintenance of newly replicated viral genomes.  Therefore, to determine 

what effect deleting dbp has on genome production, field-inversion gel electrophoresis 

was used to analyze viral DNA replicated by the dbp knockout.  For these analyses, 

whole cells that were transfected with either the dbp knockout or the gp64 knockout 

control virus were harvested at selected times and the DNA purified in situ (see 

Materials and Methods), and separated under conditions that resolve DNA in the size 

range of 15 to 250 kbp.  In addition, to determine whether complete genomes are 

produced, DNA samples were digested in situ with the single-cutting restriction 

enzyme Eco81I prior to electrophoresis.  Under these conditions, host-cell DNA is 

digested to produce fragments of mostly 48.5 kbp or less (Fig. 6.5A).  However, with 

DNA extracts from cells transfected with the gp64 knockout control virus from 24 to 

72 h.p.t, newly replicated viral DNA migrated to the compression zone at ~250 kbp, or 

migrated as unit-length genomic DNA of 140 kbp (Fig. 6.5A and B).  A portion of 

viral DNA also remained trapped in the wells of the agarose gel.  These results are 

consistent with previously reported results and represents the normal pattern of viral 

DNA under these conditions (Okano et. al, 2006).  In contrast, DNA extracts from 

cells transfected with the dbp knockout produced a different DNA pattern.  Although 

increasing amounts of viral DNA was present in the wells of the agarose gel from 24 

to 72 h.p.t. at levels similar to that observed from the control samples, no viral DNA 

could be detected that migrated to the compression zone (~250 kbp) or as unit-length 

genomes at of 140 kbp from cells transfected with the dbp-knockout (Fig. 6.5A and 
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B).  Therefore these results suggest that the DNA replicated by the dbp is structurally 

distinct when compared to a normal replicating virus.   
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Fig. 6.5  Field-inversion gel electrophoresis of replicated viral DNA.  Total DNA was 
analyzed from Sf-9 cells transfected with either the gp64 knockout serving as the 
control (gp64-KO) or the dbp knockout (dbp-KO) as described in the Material and 
Methods.  Panel A represents the ethidium bromide stained agarose gel and panel B 
shows the results the Southern blot after hybridization with labeled AcMNPV bacmid 
DNA.  The bacmid contructs that were used for transfection and the time samples 
were harvested post-transfection are indicated at the top of the panels.   The size of the 
DNA marker in kilobases is shown on the left of panel A.  BV represents viral DNA 
extracted and processed from extra-cellular BV.  All samples were digested with 
Eco81I prior to electrophoresis.   
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ELECTRON MICROSCOPIC ANALYSIS 

 

To determine whether the deletion of dbp effects nucleocapsid structures, 

electron microscopic analysis was performed.  For these experiments, thin sections 

were generated with Sf-9 cells transfected with either the gp64 knockout control or the 

dbp knockout virus and nucleocapsids were examined by staining sections with a 

monoclonal antibody specific for the major capsid protein, vp39.   As expected, cells 

transfected with the gp64 control virus displayed characteristics typical of a 

baculovirus infection such as enlarged nuclei, marginated host chromatin, electron 

dense virogenic stroma (Fig. 6.6A), and abundant rod-shaped nucleocapsids within the 

nucleus (Fig. 6.6A, inset).   Similarly, cells transfected with the dbp knockout also 

showed enlarged nuclei and marginated host chromatin indicative of viral infection, 

however these nuclei lacked an organized virogenic stroma (Fig. 6.6B).  Furthermore, 

cells transfected with the dbp knockout lacked rod-shaped nucleocapsids.  Instead, 

clusters of gold label representing the major capsid protein vp39 could be seen 

associating with amorphous electron dense structures (Fig. 6.6C and D).  Notably, 

these clusters of gold label were primarily observed in regions near the nuclear 

membrane (Fig. 6.6D).  Therefore, these results demonstrate that the bacmid lacking 

DBP is deficient for normal nucleocapsid production.    

To investigate the localozation of DBP relative to viral DNA during 

replication, additional immuno-electron microscopy experiments were performed.  For 

these experiments, AcGUS BV stock was used to infect cell monolayers that were 

cultured in medium supplemented with Brd-U labeling reagent.   Because host cell 

DNA replication is halted by virus infection, the Brd-U in the culture medium is 

selectively incorporated into newly replicated viral DNA (Braunagel et al., 1998).  For 

analysis, infected cell monolayers were harvested at 24 hours post-infection, processed 

for electron microscopy, and the thin sections co-stained with a monoclonal antibody 

against Brd-U and a polyclonal antibody against DBP followed by goat-anti mouse 
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and goat anti-rabbit secondary antibodies conjugated to 20 nm and 10 nm gold 

particles, respectively.  Electron microscopic analysis of thin sections revealed 20 nm 

gold label specific for Brd-U localized to numerous well-defined electron-dense 

regions within the nucleus (Fig. 6.7A).  These electron-dense regions varied in size 

and were evenly distributed throughout the nucleus.  Analysis these sections using a 

higher magnification showed that in addition to the 20 nm gold particles, 10 nm gold 

particles specific for DBP were also localized to these same electron-dense regions 

(Fig 6.7 B-D).  Therefore these results indicate that at 24 hours post-infection newly 

replicated viral DNA is localized to distinct domains within the nucleus and these 

domains also represent sites where DBP is localized.   
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Fig. 6.6  Electron microscopic analysis of thin sections from transfected Sf-9 cells 
stained with a vp39 antibody.  (A) Image of a cell transfected with the gp64-KO 
control bacmid showing the electron dense virogenic stroma (VS) centralized within 
the nucleus.  The inset in panel A shows a higher magnification of nucleocapsids 
immuno-stained with the monoclonal antibody to the major capsid protein vp39.   (B) 
Image of a cell transfected with the dbp-KO bacmid construct showing the lack of an 
organized virogenic stroma structure.  (C and D) Images of a portion of the nucleus 
from cells transfected with the dbp-KO bacmid construct.  The gold label can be seen 
localized to regions near the nuclear membrane (nm).  The bars in panels A and B 
represent 1µm and the bars in panels C, D, and the inset represent 0.5µm.    
 
 
Fig. 6.7  Electron microscopic analysis of Sf-9 cells infected with Ac-GUS BV and 
and incubated with Brd-U labeling reagent.  (A-D) Images showing portions of the 
nucleus from Sf-9 cells at 24 hours post-infection.  Thin sections were co-stained with 
a monoclonal antibody to Brd-U (20 nm gold) and a polyclonal antibody to the 
baculovirus single stranded DNA binding protein DBP (10 nm gold).  The bars 
represent 0.5 µm.   
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Fig. 6.7  
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Discussion 

 

The baculovirus DBP protein was first described after being purified from 

BmNPV infected cells and was subsequently shown to possess properties of a bone 

fide ssDNA binding protein (Mikhailov et al., 1998).  To determine whether DBP is 

an essential factor required for viral replication, we employed the AcMNPV bacmid 

system to construct a dbp knockout virus and characterized its ability to replicate in 

Sf-9 cells.  The results of a growth curve analysis monitoring the amount of BV 

produced from cells transfected with the dbp knockout construct failed to detect BV in 

the supernatant and confirmed that dbp is an essential gene.  Another baculovirus 

single-stranded DNA binding protein LEF-3, is also an essential gene and has been 

implicated in viral DNA replication based on the results of a transient DNA replication 

assay (Kool et al., 1994).  However, DBP was not identified as being required for 

DNA replication in this assay.  To investigate whether DBP was required to replicate 

viral DNA in the course of an infection, a real-time PCR assay was used to monitor 

viral DNA synthesis in bacmid-transfected cells.  The results of this analysis indicated 

that, although nascent viral DNA was synthesized in the absence of DBP, the level of 

newly replicated DNA was reduced to around 50% of that produced by the non-

infectious gp64 knockout control virus.  These results are consistent with the results of 

the transient DNA replication assay in that DBP is not essential for DNA synthesis 

and therefore is not likely contribute to assembly of the viral replisome, however, the 

fact that the overall level of DNA replication was reduced in the absence of DBP 

suggests that DBP has a role in genome replication.  To investigate this possibility, the 

nature of the DNA replicated by the dbp knockout virus was analyzed by field-

inversion gel electrophoresis after digesting DNA samples with Eco81I.  The rationale 

for digesting DNA with this enzyme that recognizes a single restriction site that was 

engineered into the bacmid genomes is to allow resolution of momomeric genomes 

regardless whether they were fully maturated (e.g. circularized) or in the form of a 
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replication intermediate such as a large concatamer.  This strategy has been used 

before to analyze viral DNA replicated in Sf-9 cells (Vanarsdall et al., 2006) and 

shows that with normal replicating baculovirus genomes, such as the gp64 control 

virus, a DNA pattern is produced that includes the presence of unit-length DNA that 

migrates at ~140 kbp, a higher molecular weight intermediate species that migrates at 

the compression zone ~250 kbp, and a portion of DNA that remains in the wells of the 

agarose gel.  In contrast, DNA replicated by the dbp knockout failed to show any 

DNA that migrated as unit-length or migrated at the compression zone.  However, at 

24, 48 and 72 hours post transfection, increasing amounts of viral DNA was present in 

the wells of the gel at similar concentrations as observed for the gp64 control virus.  

Because in cells transfected with the gp64 knockout, the ratio of viral DNA present in 

the wells of the gel to viral DNA that migrates as unit-length in is nearly 1:1, it would 

also be expected that if genome production was proceeding in a similar manner in 

cells transfected with the dbp knockout, unit-length genomes and well DNA would 

also be present at a near 1:1 ratio.  However, although increasing amounts of viral 

DNA accumulated in the wells of the agarose gel throughout the time-course, no unit-

length viral DNA was detected from cells transfected with the dbp knockout construct.  

The failure to detect unit-length DNA in cells transfected with the dbp knockout may 

suggest that viral DNA synthesis is able to initiate, but unable to progress far enough 

to produce complete genomes.   

A previous report on the DBP protein from BmNPV showed by Western blot 

analysis that it was not a component of extra-cellular BV (Mikhailov et al., 1998), 

however, to investigate if nucleocapsid production was affected by a lack of DBP, 

immuno-electron microscopy was performed with thin sections from cells transfected 

with a DBP knockout bacmid and stained with a monoclonal antibody to vp39.  

Interestingly, the results of these experiments revealed regions within infected cell 

nuclei that stained for vp39 protein, but lacked the presence of rod-shaped 

nucleocapsids.  These results are in accordance with the fact that DBP may be required 
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to produce complete genomes needed for proper nucleocapsid production.  Another 

significant observation made from cells transfected with the dbp knockout virus was 

the lack of a well-organized virogenic stroma.  Although the components that make up 

the virogenic stroma are currently undefined, the results from previous reports suggest 

that viral nucleic acid are present within these structures and therefore, fully maturated 

viral DNA might also be required for the proper assembly of the virogenic stroma 

(Young et al., 1993).   

Additional immuno-electron microscopic analysis showed that DBP co-

localized with newly replicated viral DNA at 24 hours post-infection.  Interestingly, 

immuno-staining of both DBP and newly replicated DNA was limited to electron-

dense regions within infected cell nuclei that are predicted to represent DNA 

replication domains.  These data therefore indicate that DBP is likely associated with 

or in the presence of replicated viral DNA.  

Fractionation of nuclei and chromatin isolated from AcMNPV-infected cells 

showed that DBP and LEF-3 are not components of the nuclear matrix.  Both proteins 

are tightly associated with chromatin, but cellular histones do not mediate the linkage.  

It was predicted earlier that the host cell histones organize viral DNA into nucleosome 

fibrils that are similar to cellular chromatin (Wilson and Miller, l986).  Our data 

suggest that DBP and LEF-3 are not incorporated into the nucleosomal structure.  

Instead, due to their intrinsic DNA-binding activity, DBP and LEF-3 might directly 

interact with ssDNA generated by replication and recombination of the viral genome.  

DBP and LEF-3 also showed similar, but not identical patterns during fractionation.  

A larger portion of LEF-3 than DBP was released from the chromatin at NaCl 

concentrations of 0.35 M and 0.6 M (Fig. 6.3, lanes 5-8).  This result is in agreement 

with the earlier observation that LEF-3 elutes from ssDNA-cellulose at lower salt 

concentration than DBP (Mikhailov et al., 1998). 

 In conclusion, although the role for DBP during virus replication remains 

unclear, evidence is presented to indicate that similar to LEF-3, DBP is a single-



 188 

stranded DNA binging protein that is required for the the production mature virus 

particles.  Future investigations, particularly those designed to determine whether DBP 

is required to maintain the stability the replication fork during DNA syntheis, or 

whether DBP is required for processing replication intermediates into mature genomes 

will likely provide significant insight into the function of DBP.   

 

Acknowledgements   

 This research was supported by National Institutes of Health Grant GM060404 
(to G. F. R.) 



 189 

 

 

 

CHAPTER 7 

 

 

Characterization of baculovirus constructs lacking either the Ac 101, Ac 142, or Ac 

144 open reading frame 

 

 

ADAM L. VANARSDALL  

MARGO N. PEARSON  

GEORGE F. ROHRMANN 

 

 

 



 190 

 
Abstract  

 

To investigate the role for the gene products encoded from the open reading 

frames 101, 142, and 144 of Autographa californica multiple nucleopolyhedrovirus 

(AcMNPV), a set of bacmid knockout and repair constructs were generated.  The 

repair genes were engineered to contain a HA-epitope tag at their C-termini.  The 

results of a transfection-infection assay and growth curve analyses showed that the Ac 

101, 142, and 143 genes are essential for budded virus production.  To better 

characterize this phenotype, a quantitative DNA replication assay was performed and 

showed that in cells transfected with the Ac 101, 142, or 142 knockouts, DNA 

replicated with similar kinetics to a control virus.  Western blot analyses of budded 

virus from cells infected with the repair viruses was performed and showed that the 

proteins encoded by these genes are associated with the viral nucleocapsid.  

Furthermore, immuno-electron microscopy of cells transfected with the knockout 

bacmids revealed defects in nucleocapsid production for the three knockout constructs.   

From these results we concluded that the gene products encoded from these open 

reading frames are essential for virus replication and may be involved in DNA 

processing, packaging, or nucleocapsid morphogenesis.    

 

 

Introduction 

 

Baculoviruses have a complex structure and life cycle that is reflected in their 

large genome sizes that range from about 82 to 178 kb depending on the virus strain.  

The recent accumulation of complete genome sequence data from over 30 

baculoviruses has revealed patterns of gene diversity and conservation that further 

illuminates the evolutionary patterns characteristic of this family of viruses.   
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Homologs of a number of genes are found in the genomes of most members of the 

family thereby implicating them as playing fundamental roles in the biology of these 

viruses.   Three of these open reading frames were originally identified in the genome 

of the Autographa californica multiple nucleopolyhedrovirus (AcMNPV) and named 

ORFs 101, 142, and 144 and were predicted to encode gene products of 41.5,  55.4,  

and 33.5 kDa, respectively (Ayres et al., 1994).  Homologs of these genes have been 

identified in all sequenced baculovirus genomes with the exception of the virus 

pathogenic for the dipteran, Culex nigripalpus (CuNiNPV) (Afonso et al., 2001).   

This could reflect either fundamental differences between CuNiNPV and the other 

baculoviruses, or simply that although present, the homologous sequences can no 

longer be identified because of sequence differences incorporated over time.   

In addition to their conservation, the products of all three of these genes were 

identified as being associated with occlusion derived (Braunagel et al., 2003).   This 

observation suggested that they are involved in capsid structure or DNA processing 

which may be necessary for proper capsid morphology.  In addition, several studies 

have provided additional information regarding these genes.  The Ac101 ORF was 

reported to be transcribed from a single early and three late promoters, and to encode a 

product of about 42 kDa that is present in both occlusion-derived virion (ODV) 

capsids and budded virions (BV) (Braunagel et al., 2001).  Therefore it was named 

BV/ODV-C42 indicating it was a protein of about 42 kDa that localized to the BV and 

ODV capsid (C) structures.  In addition, it was reported to interact in a yeast two 

hybrid assay and by native gel electrophoresis with p78/83 which has been shown to 

localize to the basal end region of the nucleocapsid (Russell et al., 1997; Vialard and 

Richardson, 1993).   P78/83 has also been implicated in the polymerization of actin 

that may be involved in capsid morphogenesis (Goley et al., 2006).   

A variety of investigations have been conducted on Ac ORF 144.    Initially it 

was confirmed that its transcript initiates at a late promoter element and immuno-

electron microscopy and fractionation studies suggested that it was a component of 
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occlusion-derived virion (ODV) capsids and envelopes, but was not associated with 

budded virions (BV).  In addition, Western blot analysis suggested that its molecular 

mass is 27 kDa which is less than that predicted (33.5 kDa) from sequence analysis.  

Consequently it was named ODV-EC27 (Braunagel et al., 1996) indicating it was a 

protein of 27 kDa that localized to the ODV envelope (E) and capsid (C) structures.  

Later it was suggested that it is a multi-functional cyclin and may be involved in 

regulating the cell cycle during virus infection, in particular causing arrest at the G2/M 

phase.  It was found to be present in a complex with cdc2 or cdk6 capable of 

phosphorylating histone H1 and retinoblastoma protein in vitro (Belyavskyi et al., 

1998).  It was also reported to interact in a yeast two hybrid assay with Ac ORF 101 

described above (also named C42) and both Ac ORF 101 and p78/83 (Ac ORF 8) in 

native gel electrophoresis assays (Braunagel et al., 2001).  

 In this report we provide additional information on the role these genes play in 

baculovirus biology.  To accomplish this we generated Ac ORF 101, 142, and 144 

knockout bacmids as well as repair bacmid constructs that expressed an HA-tagged 

version of each gene.  These constructs were then characterized in a tissue culture 

system to determine the role of the genes in virus infectivity and DNA replication.  In 

addition, their localization in infected cells and the effect of deletion of each gene on 

the infection cycle was investigated by electron microscopy. 

 
 
 

Material and Methods 

 

CELLS, VIRUS, BACTERIAL STRAINS, AND ANTIBIOTICS 

 

 Spodoptera frugiperda (Sf-9) cells were cultured in Sf-900 II serum-free 

medium (Invitrogen), penicillin G (50 units/ml), streptomycin (50 units/ml,Whittaker 
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Bioproducts), and fungizone (amphotericin, 375 ng/ml, Invitrogen) as previously 

described (Harwood et al., 1998).  The E. coli strains BW25113 harboring plasmid 

pKD46 encoding the λ Red recombination system (Datsenko and Wanner, 2000), 

BW25141 harboring  plamid pKD3 encoding the CAT gene (Datsenko and Wanner, 

2000) and DH10B were kindly provided by G.W. Blissard (Boyce Thompson 

Institute, Cornell University, Ithaca, NY).  The cell line DH10Bac (Invitrogen) was 

used to isolate the bacmid bMON14272 containing the AcMNPV genome and the 

helper plasmid pMON7124 encoding a transposase (Luckow et al., 1993).  The 

concentration of antibiotics used in the various steps in manipulating the bacmid and 

associated plasmids was 100 µg/ml ampicillin, 50 µg/ml kanamycin, 20 µg/ml 

chloramphenicol, 10 µg/ml tetracycline, and 7 µg/ml gentamycin. 

 

 

KNOCKOUT AND REPAIR BACMID CONSTRUCTS 

 

Bacmids containing deletions of either Ac ORF 109, 142, or 144, were made 

by using the λ Red homologous recombination system in Escherichia coli as described 

previously (Bideshi and Federici, 2000; Datsenko and Wanner, 2000; Vanarsdall et al., 

2004). The primer sequences and their genomic coordinates that were used for PCR 

amplifying a linear DNA fragment containing the chloramphenicol resistance gene are 

listed in Table 7.1.  To construct repair bacmids, gene fragments were PCR amplified 

from bacmid DNA using 5’ primers that annealed ~500 bp upstream of the ATG to 

include the native promoter region along with 3’ primers that annealed just upstream 

of the native stop codon and also contained additional DNA encoding an in-frame 

HA-epitope sequence.  The 5’ and 3’ primers also included EcoRI and HindIII 

restriction sites  (Table 7.1).   Gene fragments were cloned into the pFBIE-GFP 
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transfer vector (Vanarsdall, 2006) and used to transpose parental knockout bacmids 

according to the methods described previously (Vanarsdall et al., 2004).  



 195 

 

 
Oligonucleotides used to generate knockout and repair bacmid constructs   

primer locus sequence 
orf101-5’cat primer1 87778-87827 5’-GTG GCT CGC AAA TCG CAA AAC ACA ATT 

TTA AAT AAC AAC GCT GCC ATA GCC ATA 
TGA ATA TCC TCC TTA G-3’ 

orf101-3’cat primer1 86977-87026 5’-CGT CTT GGT CGT TTG AAT TTT TGT TGC 
TGT GTT TCC TAA TAT TTT CCA TCG TGT AGG 
CTG GAG CTG CTT C-3’ 

orf142-5’cat primer1 123753-123802 
 

5’-GCA ATT ACT TGA ATT GCA CGT TTG ATT 
TGC TAG ACG ATG CCG TGC TCA TGC ATA 
TGA ATA TCC TCC TTA G-3’ 

orf142-3’cat primer1 124656-124705 5’-CAC AAA AAT GTA CGA CGA TTC ATG ATC 
GTA CAT GAC AGG AAA CTG GTT GGG TGT 
AGG CTG GAG CTG CTT C-3’ 

orf144-5’cat primer1 125588-125637 5’-CGG CAG ATT GCC GCC GTG GTG TTT AGC 
ACA TTA GCT TTT ATA CAC AAT AGC ATA 
TGA ATA TCC TCC TTA G-3’ 

orf144-3’cat primer1 126148-126198 5’-GAT GTT ACA GAA TTT GAG TTT ATT TTG 
TCA AAA TCT TCA ATG GTA AAT TTG GTG 
TAG GCT GGA GCT GCT TC-3’ 

orf101-5’repair-EcoRI  
primer2 

88472-88494 5’-GAA TTC GTG CTA ATG ACA GAA ATG ATT 
G-3’ 

orf101-3’repair-
HindIII  primer2 

86924-86946 5’-AAG CTT TTA GGC GTA ATC TGG GAC GTC 
GTA TGG GTA ATA TTT TTT ACG CTT TGC ATT 
CG-3’ 

 
orf142-5’repair-EcoRI  
primer2 

123111-123122 5’-GAA TTC CAA TGT GCC GAC ATT GCC AAA 
C-3’ 

orf142-3’repair-
HindIII  primer2 

125042-125062 
 
 

5’-AAG CTT TTA GGC GTA ATC TGG GAC GTC 
GTA TGG GTA TTG TAC CGA GTC GGG GAT 
TA-3’ 

orf144-5’repair-EcoRI  
primer2 

124852-124872 
 
 

5’-GAA TTC TTC GCC GCC GGT CCG TTT GAC-
3’ 

orf144-3’repair-
HindIII  primer2 

126181-126226 5’-AAG CTT TTA GGC GTA ATC TGG GAC GTC 
GTA TGG GTA TTT ATT AAA ATT ATA TAT ATT 
AAA CCC TGA TGT TAC AGA ATT TGA G-3’ 

1 The underlined regions indicate sequence homology with the chloramphenicol resistence gene from 
plasmid pKD3.  
2 The underlined regions indicate DNA sequences that were used to generate a HA epitope fusion tag, 
EcoRI, or HindIII restriction sites.   
 
 
Table 7.1   
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BACMID PURIFICATION/TRANSFECTION 

 

Bacmid DNA was purified from 0.5 cultures using the plasmid Maxi plasmid 

DNA purification kit (Qiagen).  Equimolar amounts of purified bacmid DNA was 

transfected into Sf-9 cells (2 × 106) seeded in a six-well plate using a cationic 

liposome method (Campbell, 1995).  Bacmid DNA was mixed with 200 µl of Sf-900 

II medium containing 10 µl of liposomes and incubated at 27°C for 30-45 minutes.  

After incubation, the DNA solution was increased to 1 ml with SF 900 II medium and 

overlaid onto freshly plated Sf-9 cells and transferred to 27°C for 4 h.  After 

incubation, the transfection media was removed and the cells were replenished with 2 

ml of fresh SF-900 II medium and returned to 27°C.   

 

 

QUANTITATIVE DNA REPLICATION ASSAY   
 

To assess viral DNA replication, a quantitative real-time PCR  assay was 

performed.  Sf-9 cells were transfected as described above and at the indicated time-

point the cells were harvested in 1 ml PBS, collected by centrifugation at 5000 rpm for 

3 min, lysed in 200 µl cell lysis buffer (10 mM Tris-pH 8.0, 100 mM EDTA, 20 µg/ml 

RNAase A, 0.5% SDS) and incubated for 30 min at 37° C before adding 80 µg/ml of 

proteinase K and continuing incubation overnight at 65°C.  Total DNA was extracted 

with 200 µl phenol-chloroform followed by 200 µl chloroform and the aqueous layer 

was removed and diluted to 500 µl total volume.  Prior to PCR, 5 µl of total DNA 

from each time-point was digested with 2 units of DpnI restriction enzyme 

(Fermentas) overnight in a 20 µl total reaction volume.  Quantitative PCR was 
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performed with 2 µl of the digested DNA added to Platinum SYBR Green qPCR 

SuperMix UDG (Invitrogen) according to the manufacture’s instructions and with 

primers and conditions decribed previously (Vanarsdall, 2006) 

 

 

VIRUS GROWTH CURVE 
 

To determine the titers of virus supernatants, Sf-9 cells were transfected with 

the appropriate bacmid DNA and the cell culture supernatants from various time-

points were collected and the budded virus (BV) titers determined using a TCID50 end-

point dilution assay (O'Reilly et al., 1992).  Virus infection was determined by 

monitoring EGFP expression by fluorescent microscopy.  

 

 

BUDDED VIRUS PURIFICATION AND WESTERN BLOTTING 

  

For purification of BV, 100 mls of Sf-9 cells at a density of 1.5 × 106/ ml were 

infected at an MOI of about 2 with either of the repair virus.  At 96 hours post-

infection, the cells were harvested and collected by centrifugation at 5000 × g for 10 

min.  The clarified supernatants were then loaded onto a 30% sucrose cushion and 

ultracentrifuged at 24K RPM @ 4°C for 75 min using an SW28.1 rotor.  The BV 

pellet was then suspended in 500 ml of PBS supplemented with 1% NP-40 and rocked 

gently at room temperature to remove the BV envelope.  The samples were then 

loaded onto a 25%-60% sucrose gradient and centrifuged at 32K RPM @ 4°C for 2 

hours using an SW 50.1 rotor.  After the final centrifugation, the envelope and capsid 

fractions were collected from the gradients.   For Western blot analysis, BV fractions 

were analyzed by 10 % SDS-PAGE and the proteins transferred to PVDF membrane 

using a Bio-Rad semi-dry electrotransfer blotting apparatus according to the 
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manufacture’s instructions.   Blots were analyzed using a chemiluminescent detection 

method according to the manufacture’s instructions (Boehringer Mannheim).  The 

monoclonal antibody to the HA-epitope was used at a dilution of 1:2500, the 

monoclonal antibody to vp39 (a generous gift from Dr. Loy Volkman) was used at a 

dilution of 1:100, and the monoclonal antibody to the AcV5 epitope (Hohmann and 

Faulkner, 1983) was used at a dilution of 1:5000.   A goat-anti-mouse-HRP secondary 

antibody (Promega) was used at a dilution of 1:2500.     

 

 

IMMUNO-ELECTRON MICROSCOPY  

 

Sf-9 cells were transfected as stated above, harvested at 72 h.p.t, and prepared 

for immunoelectron microscopy as described previously (Russell and Rohrmann, 

1990).   A mouse monoclonal antibody to AcMNPV vp39 was used as undiluted tissue 

culture supernatant.  The goat anti-mouse IgG 10 nm gold secondary antibody was 

used at a dilution of 1:50.  Images were obtained with a Phillips EM 300 electron 

microscope.    

 

 

Results 

 

ACMNPV ORFs 101, 142, AND 144 ARE ESSENTIAL GENES 

 

 To determine whether the Ac 101, Ac 142, and Ac 144 ORFs are essential for 

viral replication, transfection-infection assays were performed.   For these 

experiments, Sf-9 cells were transfected with either the knockout or repair bacmid 

construct and monitored for EGFP expression by fluorescent microscopy.   By 120 

hours post-transfection, widespread EGFP expression could be seen in cell monolayers 
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that were transfected with the three repair constructs indicating that these bacmids 

were able to produce sufficient levels of BV that could initiate secondary infection 

(Fig. 7.1 A).  In contrast, in cells transfected with either of the three knockout 

bacmids, EGFP expression was only observed in isolated cells representing those that 

were initially transfected (Fig. 7.1B). Therefore these virus constructs were unable to 

produce BV that could initiate secondary infection.   To confirm these results, 

supernatants from cells transfected with the repair or knockout bacmids were 

transferred to a new cell monolayer and monitored for infection.   As expected, cells 

incubated with supernatant from the repair construct transfection showed numerous 

EGFP expressing cells.  However, in cells incubated with supernatants from either of 

the three knockout transfections, no EGFP expression could be seen at any time-point 

(Fig. 7.1 A and B, passage).  Therefore these results indicate that the Ac 101, 142, and 

144 ORFs are essential for BV production.    

To further assess whether the Ac 101, 142, or 144 knockout bacmids were 

deficient in BV production and to confirm that BV production from the repair bacmids 

were restored to wild-type levels, a viral growth curve analysis was performed.  For 

these experiments, Sf-9 cells were transfected with bacmid DNA and at selected time-

points the BV titers from the cell supernatants were determined using a TCID50 end-

point dilution assay (see Materials and Methods).  The results of this analysis showed 

that with supernatants from Sf-9 cells transfected with the knockout bacmids, no BV 

titers could be detected at any time-point (Fig 7.2).  However, with supernatants from 

Sf-9 cells transfected with either repair bacmids, BV titers were similar to that 

produced from supernatants transfected with an infectious control bacmid indicating 

that re-inserting the deleted open reading frames under control of their native 

promoters into the polyhedrin locus of the respective knockout bacmid genome was 

sufficient to restore normal replication.   Therefore, these data are in accordance with 

the results of the transfection-infection assay and confirm that Ac 101, 142, and 144 

are essential genes required for BV production.   
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Fig. 7.1  Analysis of viral replication in transfected Sf-9 cells.  (A)  The left set of 
panels represent Sf-9 cells transfected with the Ac 101, Ac 142, and Ac 144 repair 
constructs.  Cells were incubated for 120 h at 27° C, and a 50 µl portion of the 
supernatant was passed on to a new monolayer of cells and allowed to incubate for 
120 h (passage).  (B)  The right set of panels represent Sf-9 cells transfected with the 
Ac 101, Ac 142, and Ac 144 knockout constructs.  Cells were incubated for 120 h at 
27° C, and a 1 ml portion of the supernatant was passed on to a new monolayer of 
cells and allowed to incubate for 120 h (passage).  Infectivity was determined by 
visually monitoring EGFP expression under the control of the baculovirus IE-1 
promoter.    
 
 
 
Fig. 7.2  Virus growth curves generated from a transfection time-course in Sf-9 cells.  
Shown are the results from three independent growth curve analyses.  For these 
experiments, Sf-9 cells were transfected in triplicate with either the Ac 101, 142, or 
144 knockout or repair bacmid or the infectious control bacmid (AcGUS), and at the 
indicated time-points the supernatants were removed and the titers determined by a 
TCID50 end-point dilution assay (see Materials and Methods).  Infectivity was 
determined by monitoring GFP expression.  The points indicate the averages of 
triplicate transfections and the error bars represent standard deviation.   
 

 

 



 201 



 202 

 



 203 

QUANTITATIVE ANALYSIS OF VIRAL DNA REPLICATION 

 

To analyze DNA replication in cells transfected with the Ac 101, 142, or 144 

knockout bacmids, a quantitative DNA replication assay was performed with DNA 

extracts from cells transfected with the knockout bacmids along with DNA extracts 

from cells transfected with a gp64 knockout bacmid that serves as a non-infectious 

control virus (Vanarsdall, 2006).  Because the viral fusion protein GP64 is required for 

nucleocapsids to egress from infected cells (Oomens and Blissard, 1999), this mutant 

lacks the ability to initiate cell-to-cell infection, but all other replication processes 

should remain normal, including DNA replication.  When the DNA replication levels 

were analyzed over a 96 hour time-course, cells transfected either the Ac 101, 142 or 

144 knockout bacmids or with the gp64 knockout control showed similar levels of 

DNA replication by 24 hours post-transfection and continued until 72 hours post-

transfection,  at which point DNA synthesis appeared to plateau (Fig. 7.3).  In 

addition, the levels of viral DNA detected in all samples at the final time-point of 96 

hours post-transfection were similar (Fig. 7.3).   Therefore based on these analyses, the 

rate and level of DNA synthesis in cells transfected with the bacmids lacking either 

the Ac 101, 142 or 144 open reading frames was similar to the gp64 knockout control.  

Therefore these genes do not appear to be involved in viral DNA replication.   

 

 

WESTERN BLOT ANALYSIS OF PURIFIED BUDDED VIRUS FRACTIONS 

 

 To gain insight into whether the proteins encoded by the Ac 101, 142 or 144 

ORFs are associated with extra-cellular virions, Western blot analysis was performed 

with BV envelope and nucleocapsid fractions prepared from cells infected with the 

repair constructs expressing either the Ac 101, 142 or 144 HA-fusion proteins.  To 

confirm the separation of preparations into nucleocapsid and envelope fractions, a set 
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of control blots were probed with either a monoclonal antibody to the vp39 capsid 

protein or a monoclonal antibody to the GP64 envelope fusion protein.  The results of 

these control experiments showed that when membranes were probed with vp39 

antibody, a protein of 39 kDa was present from both virus infected cell extracts and 

the BV nucleocapsid fraction, but not in the fraction containing the virus envelope 

(Fig. 7.4A, lane IC, C, and EN).  However, a 64 kDa protein was detected in the BV 

envelope fraction when probed with the anti-GP64 antibody (Fig. 7.4 B).  Therefore 

these control experiments confirm that BV was successfully separated into 

nucleocapsid and envelope fractions.  Western analysis of cell lysates infected with the 

Ac 101 repair construct using a monoclonal antibody to the HA epitope tag detected a 

single immunoreactive protein identical to the predicted molecular weight of ~41.5 

kDa  (Fig. 7.4 C, lane IC).   A protein of identical size was also detected in the 

nucleocapsid fraction from BV (Fig. 7.4C, lane C).  However, no signal was detected 

in the fraction containing the BV envelope (Fig. 7.4 C, lane EN).  Similarly, Western 

analysis of lysates and BV from cells infected with either the Ac 142 or the Ac 144 

repair virus using the monoclonal antibody to the HA epitope also detected proteins of 

the expected size of 48 kDa and 33.5, respectively (Fig. 7.4 D and C, lanes IC).   

Immunoreactive proteins of this size were also detected in the nucleocapsid fractions 

of BV, but not in the BV envelope fractions (Fig. 7.4 D and E, lanes C, and EN).  

Therefore the results of the Western blot analysis indicated that the proteins encoded 

by the ORFs Ac 101, 142, and 144 are associated with the nucleocapsid but not the 

envelope of BV.    
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Fig. 7.3  Real-time PCR analysis of viral DNA replication in transfected Sf-9 cells.  
Shown are the results of three independent DNA replcation assays.  For theses 
analyses, total DNA was isolated from Sf-9 cells transfected with either the Ac 101, 
142, or 144 knockout bacmid or a bacmid lacking the gp64 fusion protein serving as 
the non-infectious control.  At the designated time-point, total DNA was digested with 
the restriction enzyme DpnI to eliminate input bacmid DNA, and analyzed by real-
time PCR.  The values displayed represent the averages from transfections performed 
in triplicate with error bars indicating standard deviations.   
 

 

Fig. 7.4  Western blot analysis of cell lysates and BV fractions from infected Sf-9 
cells.  Shown are the results of three independent infection experiments to determine if 
the proteins encoded by ORFs Ac 101, 142, or 144 are associated with BV.  For these 
experiments, 100 mls of Sf-9 cells at a density of 1.5 × 106 were infected at an MOI of 
2 with either 101, 142, or 144 repair virus stocks.  At 96 hours post-infection, the cells 
were harvested and the BV collected and fractionated according to the Material and 
Methods.  Samples representing uninfected cell lysates (Sf-9), virus infected cell 
lysates (IC), or nucleocapsid (C) or envelope fractions (EN) of BV were analyzed by 
10 % SDS-PAGE.  Samples analyzed in panels A and B were derived from cells 
infected with a control virus and the samples analyzed in panels C, D, and E were 
derived from cells infected with the 101, 142, and 144 repair virus, respectively.  
Membranes were probed a monoclonal antibody to vp39 at a dilution of 1:100 (panel 
A), a monoclonal antibody to the AcV5 epitope at a dilution of 1:5000 (panel B), or a 
monoclonal antibody to the HA-epitope at a dilution of 1:2500 (panels C-E).  A goat-
anti-mouse-HRP secondary antibody  (Promega) was used at a dilution of 1:2500.  
The molecular weights in kilodaltons from protein standards are indicated on the left 
of the panels, protein samples applied to each lane is indicated on the top of the panels 
and the antibody used is indicated on the bottom of the panels.    
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IMMUNO-ELECTRON MICROSCOPIC ANALYSIS OF BACMID-

TRANSFECTED CELLS 

 

 Because the results of the Western blot analyses described above indicated that 

the proteins encoded by ORFs Ac 101, 142, and 144 are associated with nucleocapsids 

of BV, immuno-electron microscopy was performed with cells transfected with the 

knockout constructs to determine if the lack of these proteins results in defects in 

nucleocapsid production.  To facilitate these analyses, thin sections generated from 

transfected Sf-9 cells were immuno-stained with a monoclonal antibody to the major 

capsid protein vp39.  Control experiments were performed with cells transfected with 

the gp64 knockout bacmid and showed typical characteristics of a baculovirus 

infection, including a well-defined virogenic stroma inundated with electron-dense 

rod-shaped nucleocapsids that reacted with the vp39 monoclonal antibody (Fig. 7.5A).  

In contrast, in cells transfected with the 101-KO bacmid, no well-defined nucleocapsid 

structures could be discerned, however, large amounts of gold label could be seen in 

distinct regions adjacent to the inner-nuclear membrane (Fig. 7.5B).  The gold label in 

these regions, although it did not interact with structures resembling nucleocapsids, 

did appear to localize to amorphous electron dense matter.  Similarly, visual 

observation of immuno-stained thin sections from cells transfected with the 142-KO 

bacmid construct also revealed striking differences compared to control samples.  In 

these cells, although there was limited immno-staining, some aberrant looking capsid 

structures could be seen randomly dispersed throughout the nucleus that reacted with 

the vp39 antibody (Fig. 7.5C).  These capsid-like structures displayed a unique 

morphology and in some cases appeared tubular as though they lacked an electron 

dense core (Fig. 7.5C, arrow).  Finally, analysis of cells transfected with the 144-KO 

bacmid revealed electron-dense structures within the nucleus that reacted with vp39 

antibody, however, these structures were indistinct and lacked the typical well-defined 

nucleocapsid morphology (Fig. 7.5D).  Therefore these results indicate that the protein 
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products of ORFs Ac 101, 142, and 144 are required for normal nucleocapsid 

production.   
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Fig. 7.5  Electron microscopic analysis of Sf-9 cells transfected with knockout 
bacmids.  Sf-9 cells were transfected with either the Ac 101, 142, or 144 knockout 
virus and at 72 hours post-transfection the cells were processes and the thin sections 
stained with a monoclonal antibody to vp39.  Control experiments were performed 
with Sf-9 cells transfected with the gp64 knockout bacmid.  (A) Image showing a 
portion of a cell transfected with the gp64 KO bacmid serving as the control. The 
virogenic stroma is labeled as VS.  The arrows indicate nucleocapsid bundles dispersed 
along the outer regions of the nucleus.  The inset shows nucleocapsid bundles observed 
in the same cell at higher magnification.  (B) Image from a cell transfected with the Ac 
101 knockout virus showing a region in the nucleus that lacks viral nucleocapsids but 
is enriched in gold label for vp39.  (C) Image from the nucleus of a cell transfected 
with the Ac 142 knockout virus showing amorphous electron dense matter staining 
with gold label for vp39. (D) Image from the nucleus of a cell transfected with the Ac 
144 knockout virus also showing amorphous electron dense matter staining with gold 
label for vp39.  For all samples, sections were stained with primary antibody to 
AcMNPV vp39 as undiluted tissue culture supernatant.  The goat anti-mouse 10 nm 
gold-conjugated secondary antibody was used at 1:50 dilution. For images B, C and D 
the bar represents 0.25 µm, for image A the bar represents 0.5 µm. (VS) virogenic 
stroma, (nm) nuclear membrane.  
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Discussion 

 

  This report describes the construction and characterization of bacmids lacking 

either the Ac 101, 142, or 144 open reading frame, and show that in insect cell tissue 

culture, all three of these genes are essential for BV production, however, they do not 

appear to be required for DNA replication, and therefore are likely involved in other 

replicative processes.  In order to analyze expression and localization of these gene 

products, repair constructs that were generated to confirm the phenotype of the 

original knockout were also designed to contain an HA-epitope fusion at the C-

terminal end of the repair gene, thereby generating normal replicating viruses that 

expressed single copies of Ac 101, 142, or 144 and whose products could be 

monitored using a commercially available monoclonal antibody to the HA epitope.  

Western blot analyses of lysates from cells infected with either the Ac 101, 142, or 

144 repair viruses detected proteins with a molecular weight of ~42 kDa, ~48 kDa, 

and ~33.5 kDa, respectively.  In addition, using a strategy in which purified BV was 

separated into envelope or nucleocapsid fractions, the proteins encoded by these open 

reading frames were shown to be present exclusively in fractions containing the viral 

nucleocapsid.   

A previous report investigating Ac ORF 144 concluded from Western blot 

analysis from cell extracts that the major protein encoded from this open reading 

frame had a molecular mass of 27 kDa, although the predicted molecular weight for 

this protein is 33.5 kDa (Ayres et al., 1994; Braunagel et al., 1996).  In addition, the 

~27 kDa protein identified in the previous study was shown be present only in 

preparations of occluded derived virus (ODV) and not from BV preparations, and thus 

it was suggested that it was selectively incorporated into occluded virions and was 

designated as ODV-EC27.  The results of our Western blot analyses, in which a highly 
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specific monoclonal antibody to the HA epitope was used, detected a protein encoded 

by ORF 144 of the predicted molecular weight of 33.5 kDa from both cell extracts and 

BV preparations and there was no indication of a 27 kDa protein from either infected 

cell lysates or BV preparations.  It is unclear why the previous report identified a 

major protein of 27 kDa.  It could represent a non-specific cross-reaction of their 

polyclonal antibody preparation to another protein present in the extracts or the 27 

kDa protein might represent a major degradation product of the full-length 

polypeptide.     

Because the results of the Western blot analysis with BV indicated that the 

proteins encoded by Ac 101, 142, or 144 open reading frames are associated with the 

viral nucleocapsid, a more in depth investigation was performed using electron 

microscopy to assess whether any of the knockout constructs were defective in 

nucleocapsid production.  The results of these analyses showed that in cells transfected 

with the Ac 101 knockout, no mature nucleocapsids could be seen, although a large 

amount of gold label for vp39 was concentrated in regions adjacent to the inner 

nuclear membrane.  Interestingly, electron microscopic analysis of cells transfected 

with a bacmid lacking the gene that encodes the capsid associated protein VLF-1 also 

showed aberrant capsid structures that were localized to similar regions near the inner 

nuclear membrane (Vanarsdall, 2006) and defective capsids were also seen in these 

regions from infected cells treated with a drug that inhibits actin polymerization 

(Vanarsdall, 2006; Volkman, 1988).  It is possible that these regions represent specific 

domains in the nucleus where nucleocapsid assembly occurs, but in the absence of an 

essential factor or structural component, nucleocapsid assembly is blocked.  Therefore 

the accumulation of gold label, but not mature nucleocapsids, at these regions in cells 

transfected with the Ac 101 knockout may indicate that nucleocapsid assembly is 

precluded at some state during the initial stages of nucleocapsid assembly.   In a 

previous analysis, the protein encoded by Ac 101 was shown by yeast two-hybrid to 

interact directly with the AcMNPV protein pp78/83 (Braunagel et al., 2001), an 
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essential viral phosphoprotein that has also been shown to localize at the basal end 

region of the nucleocapsid (Braunagel et al., 2001; Russell et al., 1997; Vialard and 

Richardson, 1993).  In addition, a recent report has implicated the AcMNPV pp78/83 

protein in nuclear actin dynamics by activating the host Arp2/3 complex (Goley et al., 

2006).  Therefore, the Ac 101 protein may also be involved in actin dynamics that is 

essential for nucleocapsid assembly.  It was noted that in cells transfected with the Ac 

142 or Ac 144 knockout bacmids, that although mature nucleocapsids were not 

present, gold label was not observed accumulating in distinct regions within the 

nucleus as shown for cells transfected with the Ac 101 knockout bacmid, rather gold 

label was observed staining electron dense matter with undefined structure that was 

dispersed randomly throughout the nucleus.  In general, these structures were not 

present in large quantities.    
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BACULOVIRUS GENOME REPLICATION 
  

Six virally encoded genes have been implicated as being essential for DNA 
replication in transient assays in AcMNPV (Kool et al., 1994; Lu and Miller, 1995). 
These include a primase (LEF-1) and a primase accessory factor (LEF-2), a helicase, a 
DNA polymerase, and a single-stranded DNA binding protein (SSB) called LEF-3 that 
can either anneal or unwind DNA depending on specific conditions (Mikhailov et al., 
2005), and is also involved in the transport of helicase into the nucleus (Wu and 
Carstens, 1998).  The major baculovirus transcriptional activator IE-1 is also required for 
DNA replication, although its role has not been determined.   

For several years the role for the virally encoded DNA polymerase remained 
uncertain due to a report that suggested in transient assays, a certain level of origin–
dependent plasmid replication could occur in the absence of the dnapol gene (Lu and 
Miller, 1995).  To reconcile this discrepancy, it was necessary to move away from the 
transient DNA replication assay and evaluate the necessity of the viral DNA polymerase 
during replication by generating a dnapol deletion in the context of the viral genome.  
The experiments described in chapter 3 in which a dnapol knockout mutant was 
transfected into Sf-9 cells and analyzed by real-time PCR confirmed that the virally 
encoded DNA polymerase was essential for DNA replication.  Therefore the core set of 
six viral replication factors originally identified in the transient assay likely comprise the 
minimal set of factors needed to synthesize DNA,  However, it is likely that additional 
viral factors are needed to produce viable infectious genomes.  For example, in order to 
replicate a complete genome, viral DNA must be synthesized, processed into a unit-
length circular DNA molecule, and then packaged into the capsid particle.  The results 
from several experiments described in this thesis implicate several additional factors that 
are required to generate mature virions and highlight the complexity involved in 
baculovirus genome replication.   
 
 
 
 



 217 

VLF-1 IS REQUIRED FOF CAPSID MATURATION AND DNA PROCESSING 
 

VFL-1 was originally identified from a temperature-sensitive mutant defective 

in occlusion body formation and was the first baculovirus gene identified to function 

as a very late gene transcriptional activator responsible for enhancing expression of 

the very late genes polyhedrin and p10 (McLachlin and Miller, 1994).  Surprisingly, 

sequence analysis of VLF-1 revealed that it possessed marked similarity to a family of 

enzymes known as tyrosine recombinases that are found in a variety of organisms, 

however, enzymatic activity that would be expected to be associated with a 

recombination-based mechanism has not been reported.   

Using a system in which the AcMNPV genome is propagated as a bacmid 

along with a strategy to make site-specific deletions, a mutant virus construct lacking 

the vlf-1 gene was generated and analyzed using an insect tissue culture model system.  

Upon transfecting the VLF-1 mutant bacmid into insect cells, it was revealed that 

VLF-1 was essential for budded virus (BV) production.  Because defects in very late 

gene expression caused by the absence of VLF-1 would not affect BV production 

indicated that VLF-1 was responsible for another essential function, possibly related to 

its putative recombinase activity.  Additional analyses using slot-blot and DpnI-based 

assays indicated that the VLF-1 mutant was able to synthesize DNA and Northern blot 

analysis confirmed that early and late gene expression patterns were normal.  Based on 

these findings, it was hypothesized that VLF-1 was likely involved in the late stages of 

virus replication.   

To gain a better understanding of the essential function of VLF-1, a series of 

follow-up experiments were performed.  Because the assays previously employed to 

investigate DNA synthesis were not specifically quantitative and comparisons were 

made with a virus that could initiate secondary infections, a new strategy involving a 

real-time PCR assay and a non-infectious control virus was used to determine whether 

deleting VLF-1 has an effect on the level of DNA synthesis.  With this improved assay 
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it was concluded that VLF-1 is not involved in synthesizing nascent viral DNA.  

Furthermore, using pulsed-field gel electrophoresis to assess the nature of the 

replicated viral DNA, it was shown that the DNA pattern from cells transfected with 

the VLF-1 knockout virus was identical to the DNA pattern from cells transfected with 

the non-infectious control virus including the presence of unit-length DNA.  Therefore 

not only does VLF-1 appear to be expendable for DNA synthesis, but it is also 

unlikely that VLF-1 is required during DNA synthesis in order to produce complete 

genomes.  

 It had been known from earlier studies using Western blot analysis that VLF-1 

was present in the nucleocapsid of extra-cellular virus particles (Yang and Miller, 

1998b).  To investigate whether the lack of VLF-1 affected nucleocapsid synthesis that 

would explain the defect in BV production, electron microscopy was used to analyze 

capsid particles in cells transfected with the VLF-1 knockout virus.  Using an antibody 

to the capsid protein vp39, capsid structures could be discerned in cells transfected 

with the VLF-1 knockout, however these capsids appeared as highly elongated tubular 

structures that were bundled near the periphery of the nuclear membrane.  

Additionally, these capsid structures appeared highly translucent suggesting that they 

lacked viral nucleoprotein, and this was confirmed using a DNaseI protection assay.  

Therefore based on these findings, it was concluded that VLF-1 is an essential factor 

required for proper assembly of virus particles.   In addition, using electron 

microscopy to localize an HA-tagged VLF-1 on wild-type capsids VLF-1 was shown 

to localized to the end region, suggesting that VLF-1 may be a component of a 

specialized complex.  

To determine if the aberrant nucleocapsids produced by the VLF-1 knockout 

resulted from a defect in the putative recombinase activity of VLF-1, or was due to the 

lack of the VLF-1 protein iself, a vlf-1 gene containing a phenylalanine substitution for 

the highly conserved tyrosine residue was used to repair the VLF-1 knockout bacmid.  

Interestingly, this construct, although it remained non-infectious, was able to produce 
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normal-appearing nucleocapsids.  Therefore these results indicated that viral 

nucleocapsids are structurally dependent on VLF-1.  In what capacity VLF-1 is 

required for nucleocapsid assembly is unclear, although it is interesting to note that the 

aberrant capsid structures produced in the VLF-1 knockout were several-fold longer 

than normal appearing nucleocapsids.  This may suggest that the elongated tubular 

structure may undergo some form of processing during the maturation stages to 

produce capsid monomers of normal size that are then capped at the ends.  The 

observation that VLF-1 localized to the end region of the nucleocapsid may suggest 

that it is a component of one of these end structures.  In the absence of VLF-1, such 

end structures may not be properly assembled and may preclude processing of the 

elongated pre-cursor structures.    

Although the VLF-1 Tyr to Phe mutant was able to produce normal-appearing 

nucleocapsids, this mutant virus displayed a unique phenotype that implicates VLF-1 

in an enzymatic processing mechanism during that final stages of encapsidation.  This 

was revealed through electron microscopic analysis of cells transfected with the VLF-

1 Tyr to Phe mutant construct which showed abundant nucleocapsids that appeared 

trapped within or remained tethered to the intra-stromal regions of the virogenic 

stroma, while no nucleocapsids could be seen migrating to the outer ring zone or in 

bundled formations as they are often observed prior to becoming occluded.  In 

accordance with the theory that nucleocapsids acquire DNA and undergo final 

maturation within these intra-stromal regions of the virogenic stroma, these results 

suggest that that some form of nucleolytic activity mediated by the tyrosine residue of 

VLF-1 is required during the final stages of DNA encapsidation.      

 Envisaging why a nuclease-like reaction would be required in the late stages of 

DNA processing or packaging may depend on a more thorough understanding of the 

structure of the viral DNA that is being packaged into nucleocapsids.  However, the 

presence of high-molecular weight DNA in extracts of infected cells, but not BV 

suggests that viral replication produces either long concatamers or highly branched 
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structures (or both) that are either excluded or resolved into unit-length DNA prior to 

or concomitant with being packaged.  Therefore it is possible that VLF-1 acts as either 

a recombinase to resolve branched structures or as a nuclease to cleave DNA 

concatamers.  The endonuclease VII (endoVII) from bacteriophage T4 acts as a 

structure-specific resolvase to trim branched intermediates that accrue during DNA 

replication and bacteriophage harboring lethal mutations in the gp49 gene encoding 

for endoVII result in phage heads that are incompletely packaged due to extensive 

branching of the DNA.  In addition, many bacteriophage and members of the 

Herpesviridae encode for an enzyme complex known as the terminase that cleaves 

concatomeric DNA in a site-specific manner during packaging in order to produce 

unit-length genomes (Catalano, 2000; Yu and Weller, 1998).  Homologs of endoVII or 

the protein subunits that make up the viral terminase complex have not been identified 

from any members of the Baculoviridae.  Therefore the capacity for VLF-1 to carry 

out similar mechanisms during the final stages of replication would suggest that the 

packaging mechanism employed by baculoviruses is unique.   
 
 
THE BACULOVIRUS ALKALINE NUCLEASE IS REQUIRED FOR GENOME 

REPLICATION  

 

Initial characterization of a baculovirus lacking the alkaline nuclease gene 

indicated that it was essential for BV production (Okano et al., 2004).  This thesis 

describes additional studies that focused on characterizing a mutant virus lacking the 

alkaline nuclease gene in order to gain better insight into its biological function during 

viral replication.  Similar to a mutant lacking VLF-1, the alkaline nuclease knockout 

was able to synthesize viral DNA to levels similar to a non-infectious control virus 

indicating that it was not directly involved in DNA synthesis, however, this did not 

rule out a possible role in DNA processing.  Therefore to investigate this latter 
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possibility, pulsed-field gel electrophoresis was used to characterize the DNA 

replicated by the alkaline nuclease knockout.  The results of these experiments 

revealed the following differences in the DNA replicated by the alkaline nuclease 

mutant compared to a control virus; (i) viral DNA replicated by the alkaline nuclease 

knockout produced an abundant amount of abnormally small DNA fragments, most of 

which were around 48 kbp, and (ii) upon digesting this DNA with a single-cutting 

enzyme, no unit-length or high molecular weight intermediates could be detected.  In 

addition, nucleocapsid synthesis in the alkaline nuclease knockout was drastically 

impaired, which may be due to the replicated DNA being unpackagable.  Therefore 

based on the well-characterized biochemical properties of the baculovirus alkaline 

nuclease and homologs from other dsDNA viruses, it is plausible to propose that the 

defective genomes produced by alkaline nuclease knockout result from a lack of virus-

mediated recombination.  Although what capacity DNA recombination is required for 

DNA replication remains unclear, examples of possible mechanisms that would 

implicate alkaline nuclease in these essential processes and potentially explain the 

large amount of fragmented DNA observed in the alkaline nuclease knockout virus 

include: 

1. Under natural conditions, the viral DNA polymerase may become blocked 

or stalled during replication and recombination could serve to establish a 

new replication fork.   

2. It is possible that viral DNA incurs an extensive amount of double-strand 

breaks, either as an inherent feature of replication or as a result from host 

cell nucleases.  For example, viral DNA that was being replicated through 

a region containing a nick or gap in the leading or lagging strand would 

result in DNA containing double-stranded breaks.  Because this would 

result in damaged, broken, or incomplete genomes that contain free ends 

that could not be replicated, recombination by the strand-invasion or 
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strand-annealing pathway could serve to reconstitute functional genomes 

from these fragments.   

3. Packaged baculovirus genomes are in the form of a covalently-closed 

circular molecule, yet there is no knowledge as to how packaged genomes 

become circularized.  One possibility is that a final recombination event 

mediated by alkaline nuclease at two homologous regions of a long 

concatamer could result in the formation of a circularized unit-length DNA 

genome.   

 

An alternative theory for the role of alkaline nuclease during replication may 

be that it serves to resolve branched DNA structures that arise from recombination 

events mediated by other factors during replication.  It has been reported that for a 

HSV-1 mutant lacking the alkaline nuclease gene, the replicated DNA appeared to be 

10-fold more fragile than DNA replicated from a wild-type virus (Goldstein and 

Weller, 1998).  One possible reason for this observation may be that the DNA 

replicated by the HSV-1 alkaline nuclease mutant virus contains a high level of 

aberrant structures that remain unresolved.  Such intermediates may be in the form of 

a highly complex structure linking several genomes together, which may render the 

DNA more susceptible to fragmentation under certain conditions.  Formation of highly 

complex structures such as these could arise from homologous recombination between 

viral genomes, producing regions containing single-stranded DNA crossovers.  

Interestingly, in vitro analysis of the endonuclease activity of the baculovirus alkaline 

nuclease indicated that it possessed specificity for substrates containing single-

stranded regions.  In addition, when purified alkaline nuclease was incubated with a 

DNA substrate that was pre-nicked, the enzyme cleaved the DNA substrate at the site 

opposite the nick (Mikhailov et al., 2004).  Therefore, a model can be envisaged where 

the endonuclease activity of the baculovirus alkaline nuclease can serve to resolve 

homologous crossover regions into linear DNA molecules.  Upon cleaving the intact 
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DNA to generate linear molecules, the 5’ to 3’ exonuclease activity of alkaline 

nuclease could then serve to resect the 5’ DNA strand to produce DNA molecules with 

free 3’ overhangs to facilitate strand annealing.  Developing an assay to monitor the 

resolution of such recombination intermediates during the context of viral replication 

in insect cells and tested with the baculovirus alkaline nuclease knockout mutant, may 

provide insight into this possible mechanism.   

 

 

THE BACULOVIRUS DNA BINDING PROTEIN FUNCTIONS AS A DNA 

REPLICATION FACTOR.   

  

Chapter 6 described the initial construction and characterization a baculovirus 

lacking the gene encoding the DNA binding protein DBP.   Conclusions made from 

these analyses were that DBP is an essential gene product required for BV production.  

To understand the cause for the lack of BV production, a series of additional 

experiments were performed.  To assess DNA replication, a quantitative PCR 

replication assay was performed and showed that although not absolutely required for 

DNA synthesis, DBP is required for producing normal levels of viral DNA in 

transfected cells.  In addition, although not a structural component of BV, properly 

formed nucleocapsids were absent in cells transfected with the DBP knockout which 

may imply that the DNA replicated by the DBP knockout virus is not a suitable 

substrate for DNA packaging and this was confimed by pulsed-field gel 

electrophoresis which failed to detect unit-length genomes.  In addition, DBP was 

shown to co-localize with newly replicated viral DNA in infected Sf-9 cells at 24 

hours post-infection.  Therefore collectively, these data indicate that the baculovirus 

DBP is an essentail factor required for genome replication.   

It remains unclear what role DBP is serving during genome replication and if 

the mechanisms that involve DBP are mutually exclusive to those involving LEF-3.  
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However, because DBP unlike LEF-3, does not appear to be essential for synthesizing 

viral DNA, it may be possible to assume that DBP is not required to mediate protein-

protein interactions that are required for assembly of the viral replisome.  However, 

the fact that the mutant virus lacking DBP displays a DNA replication ‘delayed’ or 

‘arrested’ phenotype and is unable to generate complete genomes may imply that DBP 

is required at the replication fork to stimulate or maintain the stability of the DNA 

replisome during synthesis.  Alternatively, the reduced level of DNA replication by 

the dbp knockout may implicate DBP in a DNA processing mechanism such as 

recombination.  A similar phenotype in which DNA replication is reduced has been 

described for bacteriophage T4 genomes harboring mutations in the recombination 

proteins that promote strand invasion of homologous DNA (Cunningham and Berger, 

1977; Hashimoto and Yonesaki, 1991; Melamede and Wallace, 1977).  The strand 

invasion pathway is proposed to serve as a dominant strategy employed by 

bacteriophage T4 during replication and involves not only the phage encoded single-

stranded DNA protein (gp32), but also additional factors such as an exonuclease 

(gp46/47), a Rec-A like homolog (UvsX), its accessory factor (UvsY), and the 

helicase (UvsW) to facilitate branch migration (Mosig, 1998).  The gp 32 protein has 

been shown to interact with the UvsY recombination factor as well as assists with 

loading of the helicase.  Therefore if a similar mechanism were used during 

baculovirus replication and involve DBP, it may also entail serveal additional factors, 

some of which may interact directly with DBP.  To this end, employing a proteomics 

approach to identify candidates that interact with DBP may provide significant insight 

into the role for DBP during replication.    

 

 

THE BACULOVIRUS PROTEINS ENCODED BY ORFS 101, 142, AND 144 OF 

ACMNPV ARE CAPSID ASSOCIATED AND ESSENTIAL FOR BUDDED VIRUS 

PRODUCTION. 



 225 

  

The characterization of bacmids lacking the open reading frames 101, 142 and 

144 of AcMNPV indicated that these genes encode for essential proteins required for 

BV production.  In addition, using a set of repair bacmids which expressed these gene 

products containing a C-terminal HA epitope tag, it was shown by Western blot 

analysis that these proteins were capsid associated.  Finally, immuno-electron 

microscopy of knockout-transfected cells indicated that these proteins were required in 

order to produce complete nucleocapsids.  Whether the lack of normal nucleocapsid 

production was brought about due to the failure of these proteins to fulfill a structural 

requirement or indirectly due to a defect of other processes is unclear.  There is 

precedence for aberrant nucleocapsid production in cells infected with mutant viruses 

lacking genes that encode for non-structural proteins, such as DBP described in this 

thesis and from other reports characterizing the 38K and the me53 gene products (Wu 

et al., 2006; Xi et al., 2006).   Therefore it appears that there may be several events 

prior to nucleocapsid assembly that if abrogated could potentially lead to a defective 

nucleocapsid phenotype.   Furthermore, the potential for a viral protein to be 

associated with virus particles does not necessarily imply a structural requirement and 

could result from its association with viral nucleoprotein that becomes encapsidated.  

Because in addition to those encoded by Ac 101, 142, and 144, numerous other 

proteins (up to 41 additional) have been suggested to be associated with extracellular 

virus particles, it may be beneficial to develop strategies to determine which of these 

proteins serve an absolute structural requirement for nucleocapsid assembly from 

those that possess other essential functions during replication.  One strategy would be 

similar to that employed for investigating the role for VLF-1 in capsid structure which 

would entail constructing and screening a library of mutant proteins containing a 

single-amino acid substitution within a highly conserved domain.  Upon repairing a 

knockout bacmid with the selected point mutants and introducing them into insect 

cells, insight into whether a protein is strictly structural or possess an additional 
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essential function could be inferred based on the phenotype.  Proteins that could be 

identified that were not structural but required for nucleocapsid assembly may reveal 

additional factors that are involved in processing baculovirus genomes.    
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