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A second cis-acting sequence located in the genome of the Orgyia 
pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) 
that functions as an origin of replication (Op5), was identified. Both the 
origin on Op5 and the previously identified origin on the HindIII-N 
fragment appear to be more complex than the relatively short, well-defined 
homologous regions (hrs), which function as origins of replication for the 
Autographa californica MNPV (AcMNPV). Plasmids containing these 
origin sequences were instrumental in the development of a transient DNA 
replication assay. 

This assay was employed for the identification of genes involved in 
DNA replication of both OpMNPV and AcMNPV. Both viruses have a core 
set of six genes that are required for DNA replication, including DNA 
polymerase, helicase, ie-1, lef-1, lef-2, lef-3. Although the homologs of 
ie-2 and ie-3 are stimulatory in both viral replication systems, their 
relative stimulation differs significantly between the transient replication 
systems. Furthermore, the difference of the relative importance of two 
stimulatory genes that have been shown to inhibit apoptosis in AcMNPV-
infected Sf-9 cells, AcMNPV p35 and Op iap1, suggested that transfection 
of AcMNPV replication genes causes apoptosis, while the OpMNPV 
replication genes cause no or only limited amounts of apoptosis. 

The nucleotide sequences of lef-2, lef-3, DNA polymerase and 
helicase were determined. Transcriptional mapping carried out for lef-1, 
lef-2 and lef-3 established that these genes can be classified as early genes 
since their expression could be detected before the onset of DNA replication. 
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Gene swapping experiments led to the identification of three genes, 
ie-1, helicase and lef-1, that are specific for either the AcMNPV or 
OpMNPV replication assay. These genes may be involved in specific origin 
recognition, specific interactions with other replication factors, or 
interactions with a specific host factor. 



©Copyright by Christian H. Ahrens 
April 28, 1995 

All Rights Reserved 



Identification of Essential Cis- and Trans-Acting Sequences Involved in 
Baculovirus DNA Replication 

by 

Christian H. Ahrens 

A DISSERTATION  
submitted to  

Oregon State University  

in partial fulfillment of 
the requirements for the 

degree of 

Doctor of Philosophy 

Completed April 28, 1995  
Commencement June 1995  



Doctor of Philosophy dissertation of Christian H. Ahrens presented on April 
28,1995. 

APPROVED: 

Major p essor r e t g Genetics Program 

Head of Genetics Program 

Dean of the Gra 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. 

Christian H. Ahrens, Author 

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



DEDICATION AND ACKNOWLEDGEMENTS 

I dedicate this thesis to my parents, Elke Marie-Louise and Heinrich 
Ahrens. 

I would like to especially acknowledge Dr. George F. Rohrmann for 
his support and exceptional guidance during the course of my research 
projects. Furthermore, I would like to thank Marcel Kool for the 
outstanding collaboration during the time that he spent in our laboratory. 
Cheryl Carlson, my undergraduate research assistant for two years, has 
contributed to this thesis in many ways, as have many of the past and 
current members of the Rohrmann laboratory. 

A special thank goes to my many wonderful friends who have supported 
me throughout my studies and who have been a constant source of 
inspiration and joy. 

Eventually, all things merge into one, and a river runs through it.  

Norman MacLean  



CONTRIBUTION OF AUTHORS  

Cheryl Carlson, an undergraduate student in Biochemistry and Biophysics, 
contributed to many aspects of my research and most significantly to the 
work described in Chapter 4, as well as the cloning and identification of 
essential AcMNPV replication genes. 

Marcel Kool, now a postdoctoral fellow at the Netherlands Cancer Institute, 
in an outstanding and fruitful collaboration during his stay in our 
laboratory finished the identification of essential and stimulatory genes of 
the Autographa californica MNPV, a project that both of us had advanced 
to the identification of the essential replication genes independent of one 
another. 

Douglas J. Leisy, an Associate Professor in Agricultural Chemistry, has been 
a constant source of knowledge and support during the writing of my 
publications. He is coauthor on the review on Baculovirus DNA 
Replication. 

Margot N. Pearson, an Assistant Professor (Senior Researcher) in 
Agricultural Chemistry, deserves a special recognition for laying the 
groundwork for my thesis by developing the infection-dependent 
replication assay for the identification of baculovirus sequences that act as 
origins of DNA replication. She performed most of the subcloning and the 
replication analyses described in Chapter 2. 

George F. Rohrmann, my major professor and thesis advisor, provided an 
exceptional amount of enthusiasm, continuous support, and guidance 
during every aspect of the work manifested in this dissertation, and I 
sincerely thank him for giving me the opportunity to pursue a degree in his 
laboratory, and for showing me how to rope and ride. 



TABLE OF CONTENTS  

Page  
CHAPTER 1: Review: Baculovirus DNA Replication 1  

Baculovirus biology and taxonomy 2  
Baculovirus DNA replication 7  
Baculovirus replication origins 11  

The form of transiently replicated plasmid DNA 17  
The possible role of multiple replication origins 18  
Genes involved in baculovirus DNA replication 20  
Transient replication of DNA in transfected cells is origin-independent 32  
Specificity of baculovirus DNA replication 33  
Relationship between DNA replication and RNA transcription 33  
Future investigations 35  

CHAPTER 2: Identification and Characterization of a Second Putative  
Origin of DNA Replication in a Baculovirus of Orgyia pseudotsugata 37  
Abstract 38  
Introduction 39  
Material and Methods 42  
Results and Discussion 43  

CHAPTER 3: Identification of Essential Trans-acting Regions Required  
for DNA Replication of the Orgyia pseudotsugata Multinucleo-
capsid Nuclear Polyhedrosis Virus:  
lef-1 is an Essential Replication Gene 54  
Abstract 55  
Introduction 56  
Material and Methods 58  
Results 63  
Discussion 87  

CHAPTER 4: Identification, Sequence, and Transcriptional Analysis  
of lef-3, a Gene Essential for Orgyia pseudotsugata Baculovirus  
DNA Replication 91  
Abstract 92  



TABLE OF CONTENTS (CONTINUED) 

Introduction 93  
Material and Methods 95  
Results 100  
Discussion 126  

CHAPTER 5: Replication of Orgyia pseudotsugata Baculovirus DNA:  
lef-2 and ie-1 are Essential and ie-2, ie-3 and Op-iap are  
Stimulatory Genes 130  
Abstract 131  
Introduction 132  
Material and Methods 134  
Results 138  
Discussion 170  

CHAPTER 6: Conclusion and perspective 176  

BIBLIOGRAPHY 181  

APPENDICES 207  

Appendix 1: Specificity of AcMNPV and OpMNPV replication genes  
(compilation of figures) 208  

Appendix 2: Nucleotide sequence and alignment of the OpMNPV  
iap2 gene 231  



LIST OF FIGURES  

Figure	 raze 
1.1	 Baculovirus infection cycle 4  

1.2	 Transcription of baculovirus genes during the baculovirus  
life cycle 5  

1.3	 Location of origins of replication and replication genes on the  
AcMNPV genome 9  

1.4	 Sequence organization of putative replication origins from  
three baculoviruses 13  

2.1	 Characterization of a putative origin of DNA replication in the  
96.8-2.5 m. u. region of the OpMNPV genome 40  

2.2	 Infection-dependent replication of plasmids containing  
OpMNPV sequences 45  

2.3	 Replication of pOpS (Hd /M1uA) in AcMNPV-infected Sf-9 cells. 51  

3.1	 HindM restriction map of the OpMNPV genome with a  
schematic representation of the cosmid clones used in this study 64  

3.2	 The HindIII-N fragment contains an essential replication gene 70  

3.3	 Identification of the essential replication gene on the  
HindIII-N fragment 73  

3.4	 Northern blot hybridization analysis of OpMNPV lef-1  
transcripts 76  

3.5	 Mapping of the 5' and 3' ends of lef-1 by S1 nuclease  
protection assays 79  



LIST OF FIGURES (CONTINUED) 

3.6	 Alignment of the predicted protein sequences of  
OpMNPV LEF-1 and AcMNPV LEF-1 85  

4.1	 Identification of sequences essential for DNA replication  
contained on cosmid 9 101  

4.2	 Nucleotide sequence of the region from XhoI (m.u. 50.1)  
to Hindu' (m.u. 48.3) of the OpMNPV genome 108  

4.3	 Identification of the essential replication gene within  
the 2.4 kb HindIII-XhoI sequence 112  

4.4	 Northern blot analysis of OpMNPV lef-3 transcripts 116  

4.5	 Mapping of the 5' and 3' ends of lef-3 by S1 nuclease  
protection assays 119  

4.6	 Alignment of the predicted protein sequences of OpMNPV  
and AcMNPV LEF-3 124  

5.1	 Identification of sequences essential for OpMNPV DNA  
replication contained on the HindIII-A fragment (cosmid 64) 139  

5.2	 Nucleotide sequence of the region from HindIII (m.u. 7.0)  
to Sall (m.u. 5.7) of the OpMNPV genome 145  

5.3	 Identification of the essential replication gene within 
m.u. 5.2-7.0 of the OpMMPV genome	 149  

5.4	 Transcriptional mapping of OpMNPV lef-2 transcripts 152  

5.5	 Alignment of baculovirus LEF-2 protein sequences 159  



LIST OF FIGURES (CONTINUED) 

5.6	 Activation of replication by ie-2 and summary of  
essential OpMNPV replication genes 162  

5.7	 Identification of additional genes that stimulate OpMNPV  
DNA replication 165  



LIST OF TABLES  

Me 
Table 1 AcMNPV replication genes 21  

Table 2 Identification of essential cosmids for DNA replication from  

Table 3 Identification of the minimal cosmid/plasmid requirements  

(Appendix 1)  

the OpMNPV cosmid library 66  

for DNA replication 67  

Table 4 OpMNPV replication genes 169  

Table 5 Summary of AcMNPV/OpMNPV replication genes 211  



LIST OF APPENDIX FIGURES 

Figure Page  
A1.1 Conservation of genome organization of OpMNPV and  

AcMNPV 209  

A1.2 Table 5: Summary of AcMNPV/OpMNPV replication genes 211  

A1.3 Nudeotide sequence of the 47.0-44.2 m.u. region of the  
OpMNPV genome 212  

A1.4 Alignment of OpMNPV and AcMNPV DNA polymerase  
proteins 216  

A1.5 Nudeotide sequence of the 66.5-62.8 m.u. region of the  
OpMNPV genome 219  

A1.6 Alignment of OpMNPV and AcMNPV helicase proteins 223  

A1.7 Results of replication gene swapping experiments between  
OpMNPV and AcMNPV 226  

A1.8 Summary of the results for the replication gene  
swapping experiments 229  

A2.1 Nucleotide sequence of the 49.7-50.6 m.u. region of the  
OpMNPV genome 232  

A2.2 Alignment of Op-IAP2 and Ac-IAP2 234  



Identification of Essential Cis- and Trans-Acting Sequences Involved in 
Baculovirus DNA Replication 

CHAPTER 1 

Review: Baculovirus DNA Replication 

CHRISTIAN H. AHRENSL2, DOUGLAS J. LEISY2, AND GEORGE F. ROHRMANNL2. 

1 Genetics Program and 2 Department of Agricultural Chemistry, 
Agricultural & Life Sciences 1007, Oregon State University, 

Corvallis, OR 97331-7301, U.S.A. 

This chapter is a modified version of a review entitled  
Baculovirus DNA Replication  

which will appear as a Book chapter in  

"Eukaryotic DNA Replication"  

Cold Spring Harbor Press  

(1995)  



2 

Baculovirus biology and taxonomy 

The Baculoviridae is a diverse family of viruses pathogenic for 
arthropods (Blissard and Rohrmann, 1990) and infect larval stages of at least 
600 different holometabolous insect species, primarily of the order 
Lepidoptera (butterflies and moths). They have also been reported from 
Hymenoptera (sawflies), Diptera (mosquitoes), and Trichoptera (caddis flies) 
(Adams and McClintock, 1991; Martignoni and Iwai, 1986) and infect 
Crustaceans of the order Decapoda (shrimp) (Couch, 1974; Summers, 1977). 
Despite this wide spectrum of susceptible hosts, many individual virus 
isolates exhibit a very narrow host range and can productively infect only 
very closely related species. 

Baculoviruses are characterized by large, rod-shaped virions that 
contain double-stranded, supercoiled DNA genomes ranging in size from 88 
to over 160 kb pairs, depending on the viral strain. The virions are 
embedded in large proteinaceous structures known as occlusion bodies 
which function to protect virions and allow them to remain viable for 
extended periods in the environment. Baculoviruses are divided into two 
genera based on occlusion body morphology. The nuclear polyhedrosis 
viruses (NPVs) (Rohrmann, 1994) are characterized by the presence of many 
virions in each polyhedron-shaped occlusion body (1-15 gm in diameter), 
while the granulosis viruses (GVs) (Crook, 1994) normally have a single 
virion in much smaller occlusion bodies (0.25-0.5 g.m in diameter). The 
NPVs can be further classified as single or multiple nuclear polyhedrosis 
virus (SNPV or MNPV), depending on the number of nucleocapsids per 
enveloped virion. In contrast to the NPVs, GVs have a more confined host 
range and have been reported to infect only lepidopteran larvae. 



3 

The life cycle of the NPVs is characterized by the existence of two 
genetically identical but structurally different virion phenotypes (Fig. 1.1) 
(Rohrmann, 1992). Upon ingestion of an occlusion body and dissolution by 
the alkaline pH in the midgut, the "polyhedra-derived virus" (PDV) is 
released, fuses with the columnar epithelial cells of the midgut, and travels 
to the nucleus where uncoating takes place. Following the onset of DNA 
replication in cell nuclei of susceptible host insects, the budded virion (BV) 
phenotype is produced which subsequently spreads the infection to other 
susceptible tissues. During the very late stages of the infection cycle, PDV 
are produced and become concentrated in the nucleus and occluded in a 
proteinaceous matrix predominantly consisting of polyhedrin. After the 
decay of the insect, PDV are released into the environment. They are highly 
stable and are responsible for spread of the infection from insect to insect. 
Beside the different temporal occurrence of BV and PDV during the viral 
life cycle (Fig. 1.2), major differences include the composition of the 
envelope and the infectivity for cells in tissue culture. The BV envelope is 
derived from a gp64-modified host cell plasma membrane (Blissard and 
Rohrmann, 1989; Volkman et al, 1984) and BV is highly infectious for 
cultured cells (Volkman and Summers, 1977). In contrast, the PDV 
envelope is assembled in the nucleus and PDV are of low infectivity for 
cultured cells (Volkman and Summers, 1977). 

Baculoviruses have attained widespread interest in the scientific 
community due to their remarkable ability to overexpress heterologous 
genes under the control of the strong polyhedrin gene promoter (Smith et 
al, 1983; Pennock et al, 1984). This use relies on the fact that the polyhedrin 
gene is not essential for virus viability in cell culture and can be replaced 
with genes of interest. Recombinant protein levels routinely make up 20-
50% of total Coomassie stainable protein of the cell (Luckow and Summers, 
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1988). Because recombinant proteins are in almost all cases biologically 
active and can be secreted, targeted to the nucleus or the cell surface, 
assembled into oligomeric complexes, proteolytically cleaved, 
phosphorylated, glycosylated and palmitylated (for reviews, see (Luckow 
and Summers, 1988; Miller, 1988; Maeda, 1989)), this system has become 
widely exploited for the expression of proteins of biomedical and 
pharmaceutical interest. 

In addition, baculoviruses play an essential role in the regulation of 
the size of insect populations and satisfy a number of safety considerations 
because they have a narrow host range and are unable to productively infect 
mammalian cells. Therefore, they are also being investigated for the 
incorporation into insect pest management programs as alternatives to 
chemical insecticides (Granados and Federici, 1986; Leisy and van Beek, 
1992). In light of the estimated loss of 15% of the global agricultural 
production caused by insect pests (WHO, 1973), it is not surprising that the 
exploitation of their potential as a biological pest control agents is under 
intense study. Research in several laboratories currently is focused on 
enhancing the speed with which they kill their susceptible insect host in 
order to minimize the crop damage by the feeding larvae. One promising 
strategy employs the insertion of toxin genes into the baculovirus genome, 
whose expression drastically reduces the time needed to kill the insect 
(Stewart et al, 1991; Tomalski and Miller, 1991). 

Despite their ubiquitous use in biomedical and pharmaceutical 
research and the tremendous interest in their application as biological pest 
control agents, little is known about the underlying molecular mechanisms 
that govern key events in the baculovirus life cyde. These include late gene 
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expression, the nature of the late RNA polymerase as well as the regulation 
of baculovirus DNA replication and the mechanism by which the large 
circular genome is replicated. The focus of the research described in this 
thesis relates to the identification of genes that are essential or stimulate 
baculovirus DNA replication and the identification of sequences that 
behave as DNA replication origins in transient replication assays. 

Baculovirus DNA replication 

Baculovirus genes are expressed in a transcriptional cascade in which 
each phase is dependent on the expression of genes during the previous 
phase (Fig. 1.2). They can be divided into the general categories of early 
genes, which are transcribed by the host RNA polymerase II (Fuchs et al, 
1983; Huh and Weaver, 1990; Hoopes and Rohrmann, 1991), and late genes 
which are transcribed by a virus-specific RNA polymerase with a unique 
subunit composition (Yang et al, 1991). This polymerase is resistant to a-
amanitin (an RNA Pol II toxin) (Grula et al, 1981) and tagetitoxin (an RNA 
Pol III toxin) (Glocker et al, 1993), and initiates transcription from within a 
five-bp late promoter element with the sequence A/G/T TAAG (Blissard and 
Rohrmann, 1990). Late gene expression is dependent upon viral DNA 
replication and is not observed when DNA replication is inhibited (e.g. by 
aphidicolin) (Friesen and Miller, 1986; Rice and Miller, 1986/87). Most late 
genes are transcribed after the onset of DNA replication with the levels of 
expression declining at later times after infection. However, expression of 
two genes termed 'very late genes' reach high levels very late in the 
infection (Fig. 1.2). These genes are the polyhedrin gene, which encodes the 
major occlusion body protein, and p10, which encodes a small poorly 
conserved protein that may be involved in ocdusion body formation or cell 
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lysis (van Oers et al, 1993; Zuidema et al, 1993; Gross et al, 1994). 

The most well-characterized baculovirus, the Autographa californica 
multinucleocapsid NPV (AcMNPV) has a genome of 134 kb and is 
estimated to contain 154 genes (Fig. 1.3) (Ayres et al, 1994). A distinctive 
feature of the AcMNPV genome is the presence of eight homologous 
regions (hrs) composed of multiple repeated sequences that are dispersed 
throughout the genome (Cochran and Faulkner, 1983; Guarino et al, 1986; 
Guarino and Summers, 1986b; Ayres et al, 1994). Hrs, which will be 
prominently featured in this review, have been shown to act as enhancers 
of baculovirus early gene expression, and are implicated as origins of 
baculovirus DNA replication. 

A number of reviews have been written on baculoviruses including 
their general biology (Granados and Federici, 1986), molecular biology 
(Doerfler and Bohm, 1986; Blissard and Rohrmann, 1990), structural 
proteins (Rohrmann, 1986; Rohrmann, 1992), and their application as 
expression vectors (Miller, 1988; Maeda, 1989; Luckow, 1991). In addition, 
manuals are available that outline the practical details of the baculovirus 
expression system (Summers and Smith, 1987; King and Possee, 1992; 
O'Reilly et al, 1992). Recently, a number of advances have been made in the 
characterization of the replication of baculovirus DNA, including the 
identification of putative replication origins and the development of assays 
that allow for the identification of the genes involved in DNA replication. 
This introductory chapter will summarize this data and focus 
predominantly on the AcMNPV replication system, while the following 
chapters will describe the identification of essential cis- and trans-acting 
sequences of OpMNPV. 
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Fig. 1.3. Location of origins of replication and replication genes on the 
AcMNPV genome. Both the locations of the non-hr putative replication 
origin (HdrII-K, black bar) as well as the homologous regions (open circles) 
are indicated. The numbers within the circles indicate the number of 
repeated sequences within each hr. The polyhedrin gene is shown as a 
point of reference. The arrows indicate the location and transcriptional 
direction of the genes involved in DNA replication. The data for this figure 
is from Ayres et al. (1994). 



10 

lef-2
ie-2 le-3 

le-1 Agh. bk. i IP yheekho
V" 

hrl 
p35 ht5 0% hrl a 

HdIII-K 
ht2 

lef-7 

ht4c 
75% 134 kb 25% 

hr4b 

hr4a 

DNA poi 
50% 

helicase 10 lef-3 

Fig. 1.3 



11 

Baculovirus replication origins 

Two different strategies have been used to identify potential 
baculovirus replication origins. One employed the generation of defective 
interfering virus particles which contain major genomic deletions but 
retain essential cis-acting sequences for DNA replication, while the other 
approach relied on testing the ability of cloned baculovirus DNA sequences 
to undergo DNA replication when transfected into infected insect cells. 

Defective genomes 

After undiluted serial passaging of ACMNPV, defective interfering 
(DI) partides containing viral genomes with major deletions have been 
observed. Restriction enzyme analysis of viral DNA isolated after 40 serial 
passages showed the presence of seven supermolar EcoRI fragments (Kool et 
al, 1993a) which hybridized to DNA sequences flanking hrs. This suggested 

that the hrs were selectively retained in the defective genomes. In similar 
studies, (Lee and Krell, 1992; Lee and Krell, 1994), defective genomes 
analyzed after 81 passages were found to be heterogeneous in size with the 
majority migrating at about 50 kbp as determined by pulsed-field gel 
electrophoresis. In contrast to the results from Kool et al (Kool et al, 1993a), 
these defective genomes appeared to retain multiple repeats of a non-hr 
containing sequence of less than 2.8 kb derived from the HindlII -K region of 
the parent AcMNPV genome (Fig. 1.3). It is not dear why these two studies 
identified different putative replication origins, although it suggests that 
both hr and non-hr sequences can act as replication origins in vivo. 
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Hr sequences as baculovirus replication origins 

AcMNPV contains eight homologous regions (hrl, hr1a, hr2, hr3, 
hr4a, hr4b, hr4c, and hr5) (Fig. 1.3) that vary in size from about 0.2 to 1.0 
kb. Each hr is composed of one to eight repeats of a sequence which 
contains a 30-bp imperfect palindrome located within a highly conserved 
72-bp sequence that is directly repeated (Fig. 1.4a). If converted to a 
cruciform structure, these palindromes would each have two mismatched 
regions outside a highly conserved 12-bp core sequence containing an EcoRI 
site at its center. 

A transient assay employing DpnI (Peden et al, 1980) has been used to 
examine infection-dependent replication of plasmids containing 
baculovirus DNA after their transfection into virus-infected insect cells ( 
Pearson et al, 1992; Kool et al, 1993a). When transfected into AcMNPV-
infected S. frugiperda cells, individual plasmids containing different hrs 
demonstrated the ability to replicate (Kool et al, 1993b; Leisy and Rohrmann, 
1993). (An hr with only one palindrome and its flanking sequences, hr4c, 
(Fig. 1.3) has also been reported (Ayres et al, 1994), but it lacks an EcoRI site 

and has not been functionally characterized). Although the relative levels 
of replication for different hrs appear to be independent of the number of 
palindromes (e. g. hr4b which contains four palindromes replicated to a 
higher level than hr3 which contains eight palindromes) (Leisy and 
Rohrmann, 1993), deletion mutagenesis of hr5 which contains six 
palindromes indicated that the efficiency of replication correlated with the 
number of palindromes present (Pearson et al, 1992). 

Sequences similar to AcMNPV hrs have been found in a number of 
other baculoviruses, including Bombyx marl NPV, a dose relative of 
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Fig. 1.4 Sequence organization of putative replication origins from three 
baculoviruses. a) AcMNPV origin. A schematic representation of the 
general architecture of an hr and the flanking sequences is shown at the 
top. Below, the 30-bp palindrome is shown above a consensus sequence of 
the conserved direct repeat found in hrs. The frequency of the nucleotides 
in the variable positions of the palindrome are shown as subscripts below 
each nt. This data is representative of 32 of the 35 palindromes. The highly 
conserved 12-bp core sequence is boxed and the EcoRI site is underlined. N 
followed by numbers indicates the number of nucleotides that are found 
between the repeats in different homologous regions. This repeated region 
is present in 1-8 copies in the different homologous regions. The consensus 
sequence for the repeated region flanking the palindrome is derived from 20 
of the most conserved sequences. b) OpMNPV origin. A schematic diagram 
of an origin containing a repeated element and essential flanking sequences. 

The efficiency of replication is dependent upon the length of the flanking 
sequences (Chapter 2). The consensus sequence of the repeated region is 
shown below the diagram (Theilmann and Stewart, 1992b). c) LdMNPV 
origin. A schematic diagram of an origin containing two repeated domains. 
This origin is composed of a domain containing seven repeats with 
overlapping XhoI/Sacl sites (black boxes), and Mlul sites linked to a second 
domain containing eight repeats of an AT-rich sequences linked to a 

sequence containing a Nrul site (open boxes) (Pearson and Rohrmann, 
1995). A consensus sequence of these two domains is shown below the 
diagram. The letter 'N', followed by subscripts, indicates the nucleotides 
separating internal regions or separating the repeated consensus sequences. 
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AcMNPV (Maeda and Majima, 1990; Majima et al, 1993), and 
Choristoneura fumiferana MNPV (CfMNPV) (Arif and Doerfler, 1984; 
Kuzio and Faulkner, 1984), which is less related to AcMNPV but has at least 
one set of repeated palindromes some of which are over 75% identical to 
AcMNPV palindromes (Kuzio et al, 1992). The genome of the Orgy ia 
pseudotsugata MNPV (OpMNPV) is of similar size to that of AcMNPV, 
and major regions of their genomes have a colinear pattern of gene 
organization (Leisy et al, 1984; Gombart et al, 1989a). The OpMNPV genome 

was shown to contain five homologous regions by DNA-DNA 
hybridization ( Theilmann and Stewart, 1992b). One OpMNPV hr has been 
characterized and found to act as an enhancer of early gene transcription 
(Theilmann and Stewart, 1992b), and to function as a replication origin in 
transient assays when linked to flanking sequences (see Chapter 2). 
However, it lacks well-defined palindromes (Fig. 1.4b) and has only 50% 
sequence identity to AcMNPV hr sequences. The Lymantria dispar 
MNPV (LdMNPV), which is more distantly related to AcMNPV than 
BmNPV, CfMNPV and OpMNPV, contains hrs located in eight regions of 
its genome (Pearson and Rohrmann, 1995). Two of the hrs have been 
characterized and are composed of repeats of about 80-bp that include a 
series of palindromes that are unrelated to AcMNPV palindromes. 
Plasmids containing these sequences alone replicate poorly. However, 
LdMNPV hr4 is adjacent to a second domain composed of eight partially 
repeated sequences of 60-100 bp, each containing a 15-25 by sequence that is 
80-100% A+T and a 6-10-bp palindrome containing an NruI site (Fig. 1.4c). 
In combination the two domains cause plasmids to replicate to high levels 
in LdMNPV-infected cells (Pearson and Rohrmann, 1995). 
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Non-hr containing origins  

In addition to hr sequences that may function as origins of DNA 
replication, two other non-hr putative origins have been characterized. 
The AcMNPV HindIII-K fragment, which lacks sequences closely related to 
the AcMNPV hrs (Kool et al, 1993b), was initially implicated as a 
replication origin by the studies involving the generation of defective 
interfering virus particles (Fig. 1.3) (see above). Subsequently it was shown 
to replicate in an infection-dependent replication assay (Kool et al, 1993b; 
Lee and Krell, 1994), although at less than 20% the level of hr-containing 
plasmids (Leisy and Rohrmann, 1993). Similarly, the OpMNPV HindLII-N 
fragment (Pearson et al, 1993) which lacks hr-related sequences was shown 
to replicate at significant levels. However, HindIII-N replicates at only 
about 25% the efficiency of the OpMNPV hr-containing sequence (Chapter 
2). Investigations of non-hr containing replication origins from AcMNPV 
and other baculoviruses are not complete and it is likely that a number of 
other such regions exist. 

The form of transiently replicated plasmid DNA 

A circular topology is a prerequisite for replication of origin-
containing plasmids (Kool et al, 1993b). Linearized plasmids, even if they 
contained an origin of replication, were not replicated. The hr-containing 
plasmid DNA replicated in AcMNPV-infected cells was shown to be of high 
molecular weight suggesting that replication does not lead to the production 
of an exact replica of the input circular plasmid DNA. Partial digestion of 
the replicated DNA with a restriction enzyme that cut the input plasmid at a 

unique site led to the production of a 'step ladder' pattern of fragments 
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consistent with the DNA being organized as a linear concatemer containing 
multiple copies of the plasmid (Leisy and Rohrmann, 1993). Although the 
form of replicating genomic DNA in infected cells has not been described, a 
linear concatemeric structure of origin-containing plasmids may indicate 
that viral DNA replicates via a rolling circle mechanism. Defective 
genomes consisting of concatemers of sequences from the Hind III-K 
fragment (Lee and Krell, 1992; Lee and Krell, 1994) also support a rolling 
circle model for baculovirus DNA replication. With such a model, a single 
replication initiation event would lead to the production of multiple copies 
of the genome. The mechanism by which such a structure is resolved into 
unit-length, circular genome segments is not known, but could involve 
cleavage and religation to form monomeric circles before or during 
packaging. 

The possible role of multiple replication origins 

Eight putative origins have been identified in the AcMNPV genome. 
The role these origins play in viral DNA replication, and whether they are 
active simultaneously, is not clear. Deletion of hr5 from the AcMNPV or 
BmMNPV genome had no apparent effect on the replication of these 
viruses (Majima et al, 1993; Rodems and Friesen, 1993). It is possible that 
the presence of multiple hr sequences in the AcMNPV genome may reflect 
their role as transcriptional enhancers of early genes rather than their role 
in replication. The accelerated expression of early genes may be essential for 
the successful establishment of an infection. In contrast, only a single origin 
may be required per replication initiation event and rolling circle 
replication could lead to the production of multiple genomes. If factors 
required for the initiation of replication are limiting, the formation of an 
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initiation complex may be rare and occur only once per replication 
initiation event. The selection of which origin initiates replication may 
occur at random. In such circumstances, functionally redundant origins 
may increase the probability of the formation of a functional preinitiation 
complex and thus increase the speed of the infection cycle. The limitation 
of replication factors would reduce the likelihood of multiple initiation on a 
genome which could lead to abortive replication via the production of 
complex branched structures which may not yield viable genomes. 
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Genes involved in baculovirus DNA replication 

A replication assay similar to that employed for the identification of 
the herpes simplex virus I replication genes (Challberg, 1986) was developed 

for the identification of baculovirus replication genes. A set of overlapping 
cosmid clones encompassing the complete genome was transfected into 
uninfected insect cells along with a reporter plasmid containing a putative 
replication origin. A minimal set of cosmids was identified that replicated 
the plasmid DNA and the specific genes were determined using subclones 
of the essential cosmids. This protocol was used to identify both essential 
and stimulatory genes for transient DNA replication of two baculoviruses, 
AcMNPV (Kool et al, 1994b; Lu and Miller, 1995) and OpMNPV (see 
Chapters 3-5). The genes that have been implicated in DNA replication are 
described below and summarized for AcMNPV in Table I. Their location on 
the AcMNPV genome is shown in Fig. 1.3. 

DNA polymerase 

One of the genes shown to be essential for DNA replication (Pearson 
et al, 1993; Kool et al, 1994b; Ahrens and Rohrmann, 1995;) shares homology 
with DNA polymerases. Higher eukaryotes possess five different types of 
DNA polymerases (a, 13, y, 8, and c) which are specialized either in their 
function or location in the cell (Moses and Summers, 1988; Wang, 1991; 
Kornberg and Baker, 1992; Lee and Landick, 1992; So and Downey, 1992). All 

DNA polymerases are localized to the nucleus except for DNA polymerase 7 
which is found in the mitochondria. It has a strong intrinsic 3'->5' 
exonuclease activity which in part explains the low error rate of the enzyme 
and is thought to be involved in the replication of mitochondrial 



Gene MW 1	 Amino Function(s) Motifs 2 Essential (E) 
acids Stimulatory (S) 

DNA pol 
helicase 

114.3 
143.2 

(984) 
(1221) 

DNA Pol 
Helicase 

E/S 
E 

ie-1 66.9 (582) transcriptional activator SSB E 
binds hr sequences 

lef-1 30.8 (266) Primase E 
NTPase 3 

lef-2 24.0 (210) E 
lef-3 
p35 4 

ie-2 

44.5 
34.8 
47.0 

(385) 
(299) 
(408) 

SSB 
inhibits apoptosis 
transcriptional activator 

SSB E 
E/S 
S 

ie-3 37.4 (321) transcriptional activator S 
lef-7 26.6 (226) SSB S 

1 Molecular weights of replication proteins are from (Ayres et al.1994)  
2 Listed motifs are confined to motifs commonly found in in components of replication  

systems (Kornberg, 1992).  
3 This domain is not present in OpMNPV LEF-1 (chapter 3)  
4 p35 is not present in OpMNPV  

Table 1: AcMNPV replication genes IV 



22 

DNA (Kunkel and Mosbaugh, 1989). DNA polymerase is has a primary role 
in DNA repair (Mosbaugh and Linn, 1983; Dianov et al, 1992; Singhal et al, 
1995), while DNA polymerases a, 8, and e are thought to be involved in 
nuclear DNA replication (Wang, 1991; So and Downey, 1992). Significant 
advances in the functional characterization of the replicative polymerases 
have been made possible by the exploitation of a SV40 in vitro DNA 
replication system (Tsurimoto et al, 1990; Waga and Stillman, 1994). In 
eukaryotes, DNA polymerase a is generally found in tight association with 
DNA primase and functions in priming DNA synthesis once on the leading 
and repeatedly on the lagging strand. A short RNA primer is synthesized by 
DNA primase and DNA polymerase a extends the RNA by synthesizing a 
short initiator DNA (iDNA) (Waga and Stillman, 1994). The polymerase a 
and p complexes lack 3'->5' exonudease proofreading activity, whereas the 8 
and c polymerase complexes possess this activity. In addition, DNA 
polymerase s and e are both highly processive and are inhibited by 
aphidicolin. However, DNA polymerase e is highly processive in the 
absence of proliferating cell nuclear antigen (PCNA), while DNA 
polymerase s processivity is dependent upon PCNA. DNA polymerase 8 is 
thought to be the primary replicative DNA polymerase that carries out both 
leading and, after a polymerase switching mechanism from polymerase a to 
8 (Waga and Stillman, 1994), lagging strand DNA synthesis. DNA 
polymerase c is thought to be associated with UV-DNA repair and recent 
investigations suggest that it links the DNA replication machinery to the S 
phase checkpoint (Navas et al, 1995). Interestingly, DNA polymerase c is 
essential for viability in yeast (Morrison et al, 1990) and cannot be replaced 
by neither polymerase « nor 8. An intelligent use of yeast genetics will be 
required to define if both of DNA polymerases are at the replication fork, 
and if so where (Campbell, 1993). 
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In early studies (Kelly and Lescott, 1981; Miller et al, 1981; Kelly, 1982) 

it was noted that a new DNA polymerase activity was induced in 
baculovirus infected cells. A 3'->5' exonuclease activity specific for single-
stranded DNA was found to be tightly associated with B. mori NPV DNA 
polymerase (Mikhailov et al, 1986). In other DNA polymerases, this activity 
is associated with proofreading newly synthesized DNA and hydrolyzing 
mismatched nucleotides at the primer terminus. Genes from five 
baculoviruses which encode predicted proteins of about 1000 amino adds 
(115 kDa) and contain motifs that are conserved among a number of DNA 
polymerases (Wang, 1991) have been located and sequenced (Bjornson et al, 
1992; Cowan et al, 1994; Tomalski et al, 1988); E. Carstens, personal 
communication (Genbank # u18677); Ahrens (unpublished). Although the 
baculovirus DNA polymerase gene was shown to be essential for DNA 
replication in two studies (Pearson et al, 1993; Kool et al, 1994b), in another 
(Lu and Miller, 1995) it was not essential but was shown to be stimulatory. 
This suggests that under differing assay conditions a replicative host DNA 
polymerase (a, 8 or c) may act in combination with the other essential 
baculovirus replication genes to replicate or repair plasmid DNA at levels 
detectable by this assay. 

The AcMNPV genome contains a gene with 42% amino add sequence 
similarity to rat PCNA (O'Reilly et al, 1989). The viral PCNA was not found 
to be either essential or stimulatory for baculovirus DNA replication in the 
transient replication assay (Kool et al, 1994a), however, in a mutant virus in 
which the PCNA homologue was inactivated, the pattern of late viral gene 
expression, which is dependent upon viral DNA replication, was delayed 
(Crawford and Miller, 1988). In addition, BmNPV, which is closely related 
to AcMNPV, lacks a PCNA gene (Gomi et al, 1994). Therefore the role this 
gene may play in AcMNPV biology is not dear. Although it is not known 
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what function the viral-encoded PCNA plays in the AcMNPV infection 
cycle, several recent reports have implicated PCNA as having a central role 
in DNA replication and repair (Shivji et al, 1992; Zeng et al, 1994). Since it is 
found in complexes with a variety of cyclins, cyclin-dependent kinases and 
their inhibitor p21 (Xiong et al, 1993; Zhang et al, 1993), PCNA may be a 
potential target for cellular regulatory signals through direct interaction 
with p21 (Flores-Rozas et al, 1994; Waga et al, 1994). Determination of the 
crystal structure of PCNA from S. cerevisiae revealed that it associates as a 
homotrimeric structure that forms a ring around DNA which is strikingly 
similar to the dimeric sliding clamp formed by the processivity factor (f3 
subunit) of E. coli DNA polymerase III holoenzyme, with which PCNA 
shares no significant sequence identity (Krishna et al, 1994). The functional 
equivalent of PCNA in the T4 DNA replication system is gp45. All sliding 
clamps and their respective DNA polymerases are loaded onto a primer (the 
initial primer for initiation of leading-strand synthesis and each RNA 
primer utilized for Okazaki fragment synthesis) by so-called brace proteins, 
which form an ATP-dependent, structure-specific DNA-binding protein 
complex that recognizes the primer-template junction (for a review see 
(Stillman, 1994)). Using a processivity factor distinct from the catalytic 
subunits allows for rapid cycling of a partially disassembled E. coli DNA 
polymerase III holoenzyme from one DNA sliding clamp to the next 
(Stukenberg et al, 1994). This hopping of the polymerase among DNA 
sliding clamps on the lagging strand provided a first insight into the 
paradox of how only 10-20 molecules of Pol III holoenzyme present in an E. 
coli cell could cycle off the template and onto a new primer on the lagging 
strand fast enough to allow duplication of the 4.4 Mb E. coli chromosome 
in 30-40 minutes (Stukenberg et al, 1994). Interestingly, bacteriophage T4 
gp45 along with the gp44/62 complex (which functions as its brace protein) 
are involved in the enhancement of T4 late gene expression (Tinker et al, 
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1994), which might be analogous to the situation in AcMNPV. 

helicase 

Helicases are critical enzymes for semiconservative DNA replication 
and use the energy of NTP hydrolysis to disrupt hydrogen bonds that 
associate duplex DNA. This leads to the progressive catalysis of strand 
displacement ahead of a growing polynudeotide chain (Matson and Kaiser-
Rogers, 1990; Lohman, 1993). A baculovirus gene with limited homology to 
helicases was originally identified by sequencing an ORF containing a 

temperature sensitive mutation that resulted in virus defective for DNA 
synthesis (Lu and Carstens, 1991). This gene encodes a predicted protein of 
143 kDa which contains a variety of amino acid motifs common to a 
number of helicases, including NTP binding and DNA/RNA unwinding 
motifs (Hodgeman, 1988). In addition, sequences in the helicase protein that 
are involved in specifying host range have been identified in two studies 
(Maeda et al, 1993; Croizier et al, 1994). BmNPV and AcMNPV infect B. 
mori and S. frugiperda cells, respectively but cannot replicate in the 
heterologous cell line. However, in cotransfection experiments AcMNPV 
recombinants containing a fragment of the BmNPV helicase gene instead of 
the corresponding AcMNPV sequence were produced that were capable of 
replicating in both B. mori and S. frugiperda cells. The fragment 
conferring this ability to AcMNPV was found to be 572-bp in one 
investigation (Maeda et al, 1993), and a 79-bp region (resulting in four 
altered codons) included within the 572-bp sequence in another study 
(Croizier et al, 1994). The AcMNPV recombinants containing the BmNPV 
helicase segment also replicated in B. mori larvae (Croizier et al, 1994) 
which are normally not permissive for AcMNPV. Investigations on the 
coinfection of B. mori cells with BmNPV and AcMNPV demonstrated that 
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wt AcMNPV, but not the recombinant with the altered helicase gene, 
inhibited BmNPV replication. Evidence suggested that this inhibition 
occurs at the level of translation (Kamita and Maeda, 1993). 

ie-1 

Immediate early gene 1 (ie-1) is the only baculovirus gene to date for 
which both spliced and unspliced transcripts have been identified in 
AcMNPV (Chisholm and Henner, 1988) and OpMNPV (Theilmann and 
Stewart, 1991). The spliced form of AcMNPV ie-1 produces a protein 
product with an additional 54 amino acids at the N-terminus. Plasmids 
expressing unspliced ie-1 have been shown to be essential for both 
AcMNPV (Kool et al, 1994b; Lu and Miller, 1995) and OpMNPV DNA 
replication (Chapter 5). Deletion analysis of AcMNPV ie-1 indicates the 
presence of distinct transcriptional activation and DNA binding domains 
(Kovacs et al, 1992), and a pattern of amino acids similar to a single-stranded 
DNA-binding (SSB) motif is present in its carboxyl-terminal region (Kool et 
al, 1994a) . Extracts from S. frugiperda cells transfected with ie-1 cause 
retardation of hr-containing DNA in gel shift assays (Guarino and Dong, 
1991; Guarino and Dong, 1994; Leisy et al, 1995). If a deletion mutant of ie-1 
that retains the DNA binding domain was used, the shifted band migrated 
further into the gel, indicating that 1E-1 directly participated in the retarded 
complex (Kovacs et al, 1992). le -1 has been shown to activate a variety of 
baculovirus early gene promoter-reporter constructs when they are co-
transfected into uninfected insect cells (Guarino and Summers, 1986a; 
Blissard and Rohrmann, 1991; Lu and Carstens, 1993; Rodems and Friesen, 
1993), and this activation is greatly enhanced when these constructs are 
linked to hr sequences. 
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In the baculovirus system, it may be possible that ie-1 is essential  
because it activates the expression of the other replication genes to levels 
sufficient to produce detectable amounts of replicated DNA. Alternatively, 
it might be directly involved in DNA replication by binding to an origin and 
catalyzing early steps that lead to the assembly of a replication complex. 

lef-1, lef-2, lef-3 

Whereas information on possible functions of ie-1 and the DNA 
polymerase and helicase genes is available because of functional studies or 
their homologies to well-characterized genes from other organisms, little is 
known about three of the essential replication genes called late expression 
factors (lef-1, -2, and -3). These genes were originally implicated as being 
essential for late gene expression (Li et al, 1993b; Passarelli and Miller, 1993b; 
Passarelli and Miller, 1993d). Several investigations indicate that these 
genes are directly involved in DNA replication of both AcMNPV (Kool et 
al, 1994b; Lu and Miller, 1995) and OpMNPV (Chapters 3, 4, 5). Although 
the AcMNPV lef-1 ORF contains a sequence motif similar to a nucleoside 
triphosphate binding site found in protein kinases (Hunter, 1987), a similar 
motif is lacking in the OpMNPV lef-1 gene (Ahrens and Rohrmann, 1995). 
More importantly, a pattern of amino acids reminiscent of a motif that is 
conserved among a number of primases from mouse, yeast, bacteriophage 
T7, and five herpesviruses [(I/L)-(V/I/M)-(L/F)-D-h-D] (Klinedinst and 
Challberg, 1994), is found both in AcMNPV and OpMNPV LEF-1. 

Although five sequences for baculovirus lef-2 genes have been 
reported (Chapter 5), no indication about the biochemical function(s) of the 
encoded gene product is provided by sequence analysis and motif searches of 
the LEF-2 sequences. 
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Biochemical evidence suggests that it AcMNPV lef-3 may be an SSB 
(Hang and Guarino, 1994) (L. Guarino, personal communication). When 
nuclear extracts of AcMNPV-infected S. frugiperda cells were passed 
through a single-stranded DNA agarose column, an infection-specific 
protein was found to bind with high affinity and only eluted at salt 
concentrations greater than 0.9M. This virus-specific protein was found to 
have a molecular weight similar to that predicted for (44.5 KDa) AcMNPV 
LEF-3, and antiserum raised against this factor was able to 
immunoprecipitate in vitro translated LEF-3. In addition, this protein 
shares many of the characteristics of SSBs such as preference for binding 
single-stranded DNA, as well as non-specificity and cooperativity of binding 
to DNA. SSBs are essential components of DNA replication systems. They 
contribute to the opening and unwinding of duplex DNA at an origin of 
replication at temperatures well below the normal Tm. They also sustain 
unwinding of duplex DNA initiated by the action of helicases at replication 
forks, and may influence the activity of other replication proteins (Kornberg 
and Baker, 1992). 

p35 

The AcMNPV p35 gene was found to greatly stimulate replication in 
one study (Kool et al, 1994a) . However, using different assay conditions Lu 
& Miller (1995) suggested that it is essential for replication. P35 is an 
inhibitor of AcMMPV-induced apoptosis in S. frugiperda cells (Clem et al, 
1991), and recent data suggests that it may also act as a transcriptional 
activator of early genes (Gong and Guarino, 1994). It is possible that the 
direct effect of p35 in the transient replication assays through 
transcriptional activation is minor in comparison to the elevation of the 
replication signal due to inhibition of apoptosis by preventing the cells from 
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dying during the course of the assay. This theory is supported by the fact 
that OpMNPV, which shows a high degree of genome similarity to 
AcMNPV, lacks a homologue of the p35 gene (Gombart et al, 1989a). 
However, OpMNPV encodes a functional analog of p35 called Op-iap 
(inhibitor of apoptosis) which bears no sequence identity with p35, but is 
able to inhibit AcMNPV-induced apoptosis in Sf-9 cells (Birnbaum et al, 
1994). A related gene (Cp-iap) with similar properties is found in the 
genome of the Cydnia pomonella GV (Crook et al, 1993). Both these genes 
can substitute for the p35 gene in replication assays employing the other 
AcMNPV replication genes (Lu and Miller, 1995) (Ahrens unpublished). 
However, p35 may exert its function at a different point and by a different 
mechanism in the apoptotic pathway than Op-iap or Cp-iap. 
Immunocytochemical studies indicated that P35 is localized in the cytosol of 
infected cells (Hershberger et al, 1994). In contrast, Op-iap and Cp-iap 
contain a zinc-finger like motif (C3H4C4 motif) at their carboxyl terminus 
and two repeats of a BIR (baculovirus iap repeat) motif located in the N-
terminal and central portions of the proteins. The spacing of cysteine and 
histidine residues in the BIR motifs suggested that they may be involved in 
metal ion coordination and nucleic acid binding (Birnbaum et al, 1994). 
Therefore, although functional analogs of P35, Op-IAP and Cp-IAP may 
inhibit apoptosis by a different mechanism that involves direct interaction 
with DNA. In addition, whereas p35 can substitute for bcl -2 in inhibiting 
cell death in mammalian neuronal cells (Rabizadeh et al, 1993) and in the 
nematode C. elegans (Sugimoto et al, 1994), cell lines stably transfected with 
p35 but not with bcl -2 are protected from AcMNPV-induced apoptosis 
(Cartier et al, 1994). The implication that these two nonhomologous cell 
death regulators are functionally distinct and act at different points in the 
apoptotic pathway is also reflected by their different subcellular localization: 
Bcl -2 is localized to intracellular sites of oxygen free radical generation 
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including mitochondria, endoplasmatic reticula, and nuclear membranes 
(Hockenberry et al, 1993), whereas P35 is localized in the cytosol (see above). 

Since P35 inhibits cell death in insects, nematodes and mammals, its target 
likely is an evolutionarily conserved component of the cell death program. 
It was suggested that P35 may either act by increasing the activity of 
protective functions or by blocking the activity of ICE-like proteases or other 
cell death effector proteins (Steller, 1995). 

If p35 does not directly activate replication in S. frugiperda cells, it 
suggests that apoptosis may be induced by the expression of one or more of 
the replication genes or by the replication of heterologous DNA. The 
former possibility may be similar to adenoviruses where the expression of 
two genes (13S and 12S E1A) induces apoptosis, a process also found to be 
cell-line specific, and which is normally inhibited by the E1B protein (White 
and Stillman, 1987). If apoptosis is induced by the replication of the 
transfected DNA, it suggests that the cell has a mechanism for 
discriminating between normal chromosomal DNA replication and 
replication of foreign DNA, or DNA replication not linked to the cell cycle. 

ie-2 and ie-3 

Efficient DNA replication in the transient assay system requires 
additional genes that stimulate replication. Two of the stimulatory genes, 
AcMNPV ie-2 (previously called ie-n) (Carson et al, 1988) and AcMNPV 
ie-3 (previously called pe38) (Krappa and Knebel-Morsdorf, 1991), encode 
transactivators of early gene transcription. In particular, ie-3 has been 
shown to activate expression of the baculovirus helicase homologue (Lu 
and Carstens, 1993). Furthermore, ie-2 has been shown to stimulate ie-3 
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expression (Lu and Carstens, 1993) and ie-1 expression (Yoo and Guarino, 
1994). In HSV-1 transient replication assays, there are four transactivators 
which are not essential for replication of origin-containing plasmids (Wu et 
al, 1988). In contrast, in replication assays containing genes from the 
herpesviruses Epstein-Barr virus (EBV) and human cytomegalovirus 
(HCMV), three transactivators are essential (Finnan et al, 1992; Pari and 
Anders, 1993; Pari et al, 1993). In the baculovirus system, it is possible that 
ie-1 is essential because it activates the expression of the other replication 
genes to levels sufficient to produce detectable amounts of replicated DNA, 
or alternatively it might be directly involved in baculovirus DNA 
replication by binding to an origin of replication. In contrast, ie-2 and ie-3 
may selectively stimulate certain of the replication genes to higher levels 
than are necessary for minimal detection. 

lef-7 

Lef-7 was shown to stimulate the expression of a CAT construct 
under the control of either the p39-capsid or polyhedrin promoters (Morris 
et al, 1994) and was subsequently determined to stimulate DNA replication 
(Lu and Miller, 1995). It contains two single-stranded DNA binding motifs. 
In contrast to AcMNPV ie-2 and ie-3, to date no homolog of the lef-7 gene 
has been implicated in the stimulation of OpMNPV DNA replication. 
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Transient replication of DNA in transfected cells is origin-independent 

Although plasmid replication in viral-infected cells is sequence 
dependent, replication becomes viral origin-independent when transfected 
naked DNA, instead of intact virions, is used to supply essential trans-
acting factors. Plasmids containing the most efficient origins as determined 
by the infected cell assay, still show the strongest replication signals in 
transfected cells, however, other plasmids (including those lacking inserts) 
replicate to detectable levels (Kool et al, 1994). In other eukaryotic systems, 
chromatin structure represses initiation of both transcription and 
replication (Wolffe, 1991). Although the organization of DNA binding 
proteins associated with baculovirus genomes is unclear, there is evidence 
for the association of a small, very basic protein with baculovirus DNA in 
virions (Wilson et al, 1987). If baculovirus DNA is packaged in a chromatin-

like structure, transfection of DNA lacking these proteins may result in the 
deregulation and high level expression of the genes involved in replication. 
High gene copy number may also play a role in origin-independent 
replication, since cells infected with virus at a m.o.i. of 1 on average contain 
only one to a few copies of each gene. In contrast, cells transfected with 
cloned viral replication genes obtain much higher gene doses, potentially 
resulting in an over-abundance of replication proteins which may cause 
saturation of specific origin sequences by these proteins. The excess protein 
molecules may bind to DNA sequences non-specifically, and hence cause 
initiation of replication from any plasmid. High levels of recombination in 
transfected cells could also influence these observations. 
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Specificity of baculovirus DNA replication 

As indicated above, some baculoviruses contain several putative 
replication origins that may differ in structure within the same virus and 
between viruses. The ability of two different baculoviruses to replicate 
heterologous origin-containing plasmids has been examined. It was found 
that transfection of OpMNPV-infected L. dispar cells with an AcMNPV 
hr5-containing plasmid, resulted in only trace amounts of plasmid 
replication (Pearson et al, 1993). Conversely, only minimal levels of 
replication of plasmids containing the putative OpMNPV replication 
origins HindIII-N or an OpMNPV hr-containing plasmid were detected in 
AcMNPV-infected S. frugiperda cells (Chapter 2). These data indicate that 
although baculoviruses are often similar in genome structure and 
organization, the DNA sequences that constitute an origin of replication 
and the viral/host proteins that recognize and interact with these sequences 
may differ significantly. Recent investigations suggest that some replication 
genes are fully interchangeable between the AcMNPV and OpMNPV 
replication systems, whereas others show high degrees of specificity 
(Chapter 6). 

Relationship between DNA replication and RNA transcription 

As described above, the same cis- and trans-acting elements that 
stimulate the transcription of baculovirus early genes are also involved in 
DNA replication. In particular, hr sequences that serve as enhancers of 
transcription also appear to function as replication origins. Ie-1 which is 
required for baculovirus DNA replication also transactivates early gene 
expression; this activation is enhanced when the genes are linked to hr 
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sequences. The interrelatedness of cis- and trans-acting factors involved 
in the initiation of both transcription and replication has been observed in a 
number of systems (see reviews in (Cheng et al, 1992; Kornberg and Baker, 
1992; DePamphilis, 1993)) and is thought to be due to common features of 
both processes including the necessity for the formation of a multisubunit 
enzyme complex at the site of initiation and the similarity of the 
enzymology of the subsequent nudeotide polymerization. For example, the 
E2 protein of bovine papilloma virus appears to activate both transcription 
and replication by alleviating repression caused by the presence of 
nudeosomes at the site of initiation (Li and Botchan, 1993a; Li and Botchan, 
1993b). E2 apparently accomplishes this by recruiting cellular single-
stranded DNA binding proteins that assist in the assembly of the 
polymerase complex in such a way that it is capable of competing with 
nucleosomes at the initiation site. Transcription and replication have a 
number of additional similarities (Li et al, 1993a): they are DNA template-
dependent, require unwinding of DNA strands to allow entry of the enzyme 
complex, and involve the polymerization of similar substrates (nucleoside 
triphosphates) to produce a complementary product that elongates from 
5'-> 3'. Furthermore, evidence at the structural level indicates that both 
RNA and DNA polymerases possess similar arrangements of aspartic 
residues in their catalytic sites suggesting a conserved mechanism of 
nucleotidyl transfer (Sawaya et al, 1994). 

Therefore, it is not surprising that in baculoviruses these two 
processes have both cis- and trans-acting factors in common. 
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Future investigations 

The identification of baculovirus replication origins along with the 
development of assays for monitoring transient DNA replication, and the 
identification of genes that are essential or that stimulate DNA replication 
has opened a number of avenues of research. These include 
characterization of the role of DNA sequences in origin structure and the 
function of the replication proteins in the initiation of replication and DNA 
synthesis. The functions of some of the essential replication gene products 
can be predicted by comparison with those from other organisms. For 

example, a DNA polymerase normally requires a processivity factor that 
keeps the polymerase core tightly associated with the template thereby 
preventing it from disassociating. Another essential component may 
include an origin binding protein that recognizes an origin and catalyzes the 
assembly of the replication complex, and a primase that would be involved 
in the synthesis of the RNA primers on the lagging DNA strand during 
replication. In addition, if as the data with hr-containing plasmids 
suggests, replication results in large genome concatemers, understanding 
the mechanism by which such structures are resolved into unit length 
genomes is of considerable interest. The contribution of host factors to the 
replication process also cannot be ruled out and the involvement of the 
helicase gene in determining baculovirus host range could indicate that this 
gene interacts with a specific host factor. Of particular interest and high 
priority is the development of an in vitro replication system which could 
be used to define the role of each component of the replication complex in 
replicating baculovirus DNA. 
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Abstract 

A 7.5 kb region (96.8-2.5 m.u.), called Op5, of the Orgyia pseudotsugata 

multinucleocapsid nuclear polyhedrosis virus (OpMNPV) genome that 
contains an origin of DNA replication was characterized. This region 
replicates several times more efficiently and is unrelated to the previously 
identified putative origin of replication located on the viral HindIII-N 
fragment (Pearson et al, 1993). In contrast to Hind III -N, the origin on Op5 
contains repeated sequences with limited sequence identity to the 
homologous regions from AcMNPV. In isolation, these repeated sequences 
were not sufficient for origin activity in OpMNPV-infected Lyman tria 
dispar cells, but required the presence of about 1.3 kb of additional 
sequences located to the left of the repeats. Four regions of the OpMNPV 
genome that crosshybridize with the repeated region were also found to 
replicate in our infection-dependent DNA replication assay. A deletion 
done of Op5 that replicates efficiently in OpMNPV-infected L. dispar cells, 
was found to replicate at less than 2% the replication level of AciviNPV hr2 
in AcMNPV-infected Spodoptera frugiperda cells. 
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Introduction  

The baculoviridae are a diverse family of insect viruses with large (88-
165 kb) double-stranded, circular, supercoiled DNA genomes. Although 
members of this family have achieved widespread use as expression vectors, 
little is known about how they replicate their genomes. Recently, sequences 
have been identified in the Autographa californica multinucleocapsid 
NPV (AcMNPV) genome that function as replication origins when cloned 
into plasmids and transfected into infected cells (Pearson et al, 1992; Kool et 
al, 1993a; Kool et al, 1993b; Leisy and Rohrmann, 1993). These regions, called 

homologous regions (hrs), contain one to eight copies of a 30-bp imperfect 
palindrome sequence and are located at eight positions on the AcMNPV 
genome (Ayres et al, 1994). In addition, an AcMNPV sequence lacking these 
palindromes has been identified that also functions as an origin, but it 
replicates less efficiently than hr-containing plasmids (Leisy and 
Rohrmann, 1993; Kool et al, 1993b; Lee and Krell, 1994). The Orgyia 
pseudotsugata multinucleocapsid NPV (OpMNPV) has a genome similar 
in size to that of AcMNPV (about 134 kb) (Ayres et al, 1994) and major 
regions of the OpMNPV and AcMNPV genomes show colinear patterns of 
gene organization (Leisy et al, 1984). A putative replication origin was 
identified in the OpMNPV genome within the Hindi:11-N fragment (Fig. 
2.1a, black bar) (Pearson et al, 1993). Optimal replication from this origin 
required almost 4 kb of DNA and a discrete repeated palindromic structure 
similar to the hrs of AcMNPV was not present. Therefore, in contrast to 
the relatively short and well-defined AcMNPV hr-origins, sequence 
requirements for this OpMNPV origin function appeared to be complex. In 
addition, neither AcMNPV- nor OpMNPV-infected cells were capable of 
efficiently replicating plasmids containing origins derived from the 
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Fig. 2.1 Characterization of a putative origin of DNA replication in the 96.8-
2.5 m.u. region of the OpMNPV genome. a) A HindIII map of the 
OpMNPV genome with a schematic representation of two cosmid clones 
(cosmid 27 and 47) that were shown to undergo infection-dependent 
replication (Pearson et al, 1993). The location of the previously described 
origin on HindIII-N (Pearson et al, 1993) is shown by a crosshatched bar. 
The location of the clone Op5, which contains a second putative origin of 
replication (m.u. 96.8-2.5) is shown by the black bar, and locations of regions 
previously reported to hybridize to the enhancer element within Op5 (12) 
are shown by open bars. b) A detailed restriction map of the 96.8-3.2 m.u. 
region with schematic diagrams of deletion clones used in the analysis of 
this region shown below. Unless otherwise noted, deletions were 
constructed from the Op5 parent clone. Previously described clones include: 
OpIE-2 (Theilmann and Stewart, 1992a), OpE (Theilmann and Stewart, 
1992b), and p345 m a I and p34NsiI (Wu et al, 1993a). The OpMNPV 
enhancer is represented by an open bar. The names of the clones and a 
subjective quantification of their relative replication efficiency is indicated 
by + to ++++ or - shown at the right. c). A detailed map of the sequenced 
region from m.u. 0-2.5. The locations of major ORFs are indicated below the 
map. The repeats of the enhancer are represented by a divided bar. For 
details see legend for Fig. 2.1b, above. 
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heterologous virus. These data suggest that, although baculoviruses are 
similar in genome structure and organization, the DNA sequences that 
constitute an origin of replication and the viral/host proteins which interact 
with these structures may differ between baculoviruses. In this report, we 
describe the characterization of a second OpMNPV DNA sequence 
composed of repeated elements which functions as a replication origin 
when transfected into infected Lymantria dispar cells. This sequence bears 
no homology with the previously identified origin on HindIII-N. 

Material and Methods 

For these investigations, OpMNPV (Quant-Russell et al, 1987) and 
AcMNPV E2 strain (Summers and Smith, 1987) were used. The Lymantria 
dispar (Ld-652Y) and Spodoptera frugiperda (Sf-9) cell lines were 
propagated in TNM-FH medium (Summers and Smith, 1987) 
supplemented with 10% fetal bovine serum (FBS) as previously described 
(Pearson et al, 1993). The Op5 parent done (Fig. 2.1b), OpIE-2 (Fig. 2.1b, c) 
( Theilmann and Stewart, 1992a), OpE (Fig. 2.1b, c) (Theilmann and Stewart, 
1992b), p34SmaI and p34NsiI (Fig. 2.1b) (Wu et al, 1993a) were the gift of 
Dr. David Theilmann. Subdones of OpIE-2 and Op5 were derived by cutting 
the respective done with one or a combination of two restriction enzymes, 
religating, or filling in the ends generated by noncompatible restriction 
enzymes and religating. To assay for plasmid replication, L. dispar cells 
(1.2x106 cells/well in six-well culture plates) incubated at 27°C in TNM-FH 

medium were infected at a multiplicity of infection of 10 with OpMNPV. 
Four hr after infection, cells were transfected with plasmid DNA by calcium 

phosphate precipitation (Graham and Van der Eb, 1973; Summers and 
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Smith, 1987). Equimolar amounts of DNA (relative to 1.3 jig of pOp5 as a 
standard) were used for transfection. Four hr later, the transfection mixture 
was replaced with fresh medium. After incubation at 27°C for 65 hr, total 
cell DNA was purified (Pearson et al, 1993), duplicate samples were treated 
with or without Dpni (20u, New England Biolabs), then digested (unless 
otherwise noted) with EcoRI (10u) for 2 hr followed by a 10 min digestion 
with RNase A (Sigma, Inc.) (5 11g/sample). The samples were then 
electrophoresed on 0.7% agarose gels, blotted, hybridized for 16-18 hr and 
washed under stringent conditions as previously described (Pearson et al, 
1993). For hybridization, pKS- DNA labeled with [32P]dCTP (Feinberg and 
Vogelstein, 1983) was used as the probe. Replication efficiency of selected 
Bones was quantified with a PSI-486 Phosphorimager SI & Imagequant 
Workstation (Molecular Dynamics), using the Scanner Control SI-PDSI 
version 1.0 and Imagequant 4.1 software packages. 

Results and Discussion 

In our initial screening of an overlapping OpMNPV cosmid library for 

replication origins, we found that both of the overlapping cosmids 27 and 47 
(Fig. 2.1a) showed relatively high levels of replication, but cosmid 27 gave a 
more intense signal (Pearson et al, 1993). Because cosmid 47 (which lacks 
Hindi:11-N) replicated less well than cosmid 27, we reasoned that if an 
origin was located in HindM-T and extended into the Hindfil-N region, it 
could account for the lower replication efficiency of cosmid 47. However, 
we found that HindM-N contained an origin of replication and that 
HindM-T lacked origin activity (Pearson et al, 1993). This suggested that 
cosmid 47 might contain a second origin of replication. An origin sequence 
was initially localized on cosmid 47 to a clone called Op5, that contains a 7.5 
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kb Clal-Xhol fragment (m.u. 96.8-2.5) from the HindlII-A region (Fig. 2.1a, 
crosshatched bar). pOp5 was found to replicate more than four times more 
efficiently than a plasmid containing the OpMNPV HindlII-N fragment 
when transfected into OpMNPV-infected L. dispar cells (Fig. 2.2a, lanes 1 
and 2), as measured by densitometric analysis with a phosphorimager. 
Controls for this and subsequent experiments are shown in Figure 2.2a, 
lanes 3-6, and demonstrate the following: nonrecombinant plasmid (pBS) 
cannot replicate in OpMNPV-infected L. dispar cells (lane 3); DpnI 
digestion of pOp5 DNA (0.01gg) mixed with OpMNPV-infected L. dispar 
DNA is complete under our standard assay conditions (lane 4); and the 
probe does not hybridize to cellular DNA from infected and uninfected L. 
dispar cells (lanes 5 and 6, respectively). To further localize the replication 
origin in pOp5, a series of deletions were constructed within this region (Fig. 
2.1b and 2.1c). Analysis of these clones in our replication assay showed that 
deletions from the left end resulted in a progressive decline in replication 
efficiency (Fig. 2.2b, lanes 1-5), with deletions of over 5.5 kb (Op5PstIA) still 
replicating (Fig. 2.2b, lane 5). Progressive deletions from the right end 
starting at the XhoI site at 2.5 m.u. (Fig. 2.1b) showed that the right-most 2.0 

kb were essential for replication (Fig. 2.2b, lane 1 versus lanes 6-8). 
However, since Op5 (Apa /HdE) and OpIE -2 replicate at a higher level than 
Op5PstIE (Fig. 2.2b, lanes 4 and 12 versus lane 5), motifs located to the left of 
the PstI site contribute to replication efficiency. The right-most 3.5 kb of the 
Op5 insert which contains these essential regions have been sequenced 
(Theilmann and Stewart, 1992a; Theilmann and Stewart, 1992b; Wu et al, 
1993b) and contain the 1E-2 ORF and its 3' flanking region (Fig. 2.1c). The 
right-most 2.0 kb of Op5 that are essential for replication contain an 
enhancer element called OpE (Fig. 2.1b, open bar). This enhancer sequence 
is located 52 by to the right of the 1E-2 ORF (Fig. 2.1c) and is composed of a 66 

by element tandemly repeated partially or completely 11 times that shows 
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Fig. 2.2 Infection-dependent replication of plasmids containing OpMNPV 
sequences. a) Comparison of the replication of plasmids containing the 
HindM-N region (lane 1) and the Op5 region (lane 2) in OpMNPV-infected 
L. dispar cells. Each lane represents duplicate DNA samples, treated with 
(+) or without (-) Dpnl. The Hindi:11-N done is from (Pearson et al, 1993). 
Controls for this and subsequent experiments are as follows: pBS 

transfected into OpMNPV-infected L. dispar cells (lane 3), indicating that it 
cannot replicate; a mixture of pOp5 DNA (0.01p,g) and OpMNPV-infected L. 

dispar DNA digested using standard conditions (lane 4), indicating Dpnl 
digestion under these conditions is complete; and DNA from infected and 
uninfected L. dispar cells indicating that the probe used in these 
experiments does not hybridize to cellular DNA (lanes 5 and 6, respectively). 
For transfections, 1.3 gg of pOp5 and molar equivalents of all other plasmids 

relative to pOp5 were used. The number to the left of the autoradiogram 
indicates the size (kb) of linearized pHdN. b) Replication assay of plasmids 
containing deletions of the OpMNPV m.u. 96.8-3.2 region. The numbers on 
both sides of the autoradiogram indicate the size (kb) of linearized input 
parent plasmid (pOp5). For controls see Fig. 2.2a. These results are 
representative of at least three independent experiments using these 
constructs. 
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about 51% sequence homology to the enhancer regions described in 
AcMNPV (Theilmann and Stewart, 1992b). Because hr sequences appear to 
function as replication origins in AcMNPV, we examined a plasmid (pOpE, 
Fig. 2.1b and c) (Theilmann and Stewart, 1992b) that contains only the 
OpMNPV enhancer sequence and found that it did not replicate (Fig. 2.2b, 
lane 13). The ability of Op5PstIA and OpIE-2 (Fig. 2.1c) to replicate 
demonstrates that neither motifs to the left of the Pst I site nor to the right 
of the enhancer region are essential for replication (Fig. 2.2b, lanes 5 and 12 
respectively). Therefore, we examined a construct that contained most of 
the enhancer and additional sequences to the left of it (pOpIE-2Pst0.9, Fig. 
2.1c). We found that this plasmid replicated to low levels (Fig. 2.2b, lane 15). 
However, plasmids containing only sequences to the left of the repeated 
region (e.g. p0p5Bg1I, Fig. 2.1b and pOpIE-2PstIA, Fig. 2.1c) were unable to 
replicate (Fig. 2.2b, lanes 9 and 14). Finally, the plasmid p34SmaI (Fig. 2.1b), 

which contains the enhancer and additional sequences on both sides 
replicated very efficiently, while a subdone, p34NsiI (Fig. 2.1b), which lacks 
both the enhancer and additional sequences to the left of it, was unable to 
replicate (Fig. 2.2b, lanes 10 and 11 respectively). 

These data suggest that both the repeated enhancer region and 
sequences to the left of this structure are required for initiation of DNA 
replication within the Op5 sequence. Neither the enhancer sequence (OpE) 
nor the leftward flanking sequence (OpIE-2PstIA) are able to initiate DNA 
replication independently, indicating that each of these elements is 
necessary but not sufficient for origin function. The minimal sequence that 
was able to replicate is a done that contains most of the enhancer sequence 
and additional sequences to the left of it, pOpIE-2Pst0.9 (Fig. 2.1c, and Fig. 
2.2b, lane 15). Addition of further sequences to the left of the Pstl site 
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greatly stimulates replication of this minimal clone (compare OpIE-2Pst0.9 
and pOpIE-2, Fig. 2.2b, lanes 15 and 12). 

No significant pattern of homology was evident (data not shown) 
when the nucleotide sequence of the OpIE-2 clone was compared to 
AcMNPV HindlII-K and OpMNPV HindIII-N sequences, which have been 
shown to function as replication origins in cells infected with AcMNPV 
(Leisy and Rohrmann, 1993; Kool et al, 1993b; Lee and Krell, 1994) or 
OpMNPV (Pearson et al, 1993) respectively, using GAP and BESTFIT from 
the UWGCG suite of sequence analysis software (Devereux et al, 1984) 
(Version 7.2-UNIX, 1992). Therefore, the primary sequence of the origin of 
replication characterized in this report is not closely related to the other 
OpMNPV origin or to a non-hr containing sequence of AcMNPV that 
functions as a weak origin in AcMNPV-infected cells. 

Since the OpMNPV enhancer sequence has about 50% sequence 
similarity to the AcMNPV hr sequences (Theilmann and Stewart, 1992b) 
which act as replication origins when transfected into AcMNPV-infected 
cells, we investigated whether plasmids containing this region were also 
replicated in AcMNPV-infected Sf-9 cells. Analysis of relative replication 
efficiencies with a phosphorimager showed that pOp5 (Hd / Mlue) 
replicated at about 1.5% the level of an hr2-containing plasmid, pAcHdL-1 
(Leisy and Rohrmann, 1993), (Fig. 2.3, compare lanes 1 and 2). These results 
are similar to the results we obtained in OpMNPV-infected Ld652-Y cells, 
where the OpMNPV HindlII-N sequence replicated to high levels, while a 
plasmid containing hr5 showed only limited replication (Pearson et al, 
1993). 

Four other regions on the OpMNPV genome with homology to the 
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enhancer sequence have been identified by hybridization analysis (Fig. 2.1a, 
open bars) (Theilmann and Stewart, 1992b). We analyzed plasmids 
containing these OpE enhancer-related sequences for their ability to undergo 
infection-dependent plasmid replication. These include plasmids 
containing the 8.4 kb Hindi:11-E fragment (m.u. 78.5-84.9), a 4.2 kb SstI 
fragment from within HindIII-B (pCA20, m.u. 54.1-57.3) , the 3.4 kb 
HindlII-R fragment (m.u. 19.8-22.4) and the 3.6 kb HindIII-Q fragment 
(m.u. 87.8-90.5) (Fig. 2.1a). Analysis of the relative replication efficiencies 
with a phosphorimager showed that these plasmids replicated from 
approximately 50% (HindIII-E, Hind111-R) to 70% (HindIII-Q) of the level 
of replication of HindIll-N (data not shown). These regions were not 
further characterized. 

In this report, we have described the identification and 
characterization of a second putative origin of DNA replication from the 
genome of the baculovirus OpMNPV. This origin shares no homology 
with the previously identified origin on HindIII-N (Pearson et al, 1993). As 
with the Hindi:11-N region, the region necessary for substantial levels of 
replication from the Op5 origin spans at least 2 kb. Therefore, both these 
origins appear to be complex. However, in contrast to HindITE-N, the Op5 
origin contains a set of repeated sequences that function as enhancers of 
early gene transcription (Theilmann and Stewart, 1992b). These sequences 
have limited sequence identity to the hr sequences of AcMNPV, but in 
isolation were not sufficient to initiate infection-dependent replication. 
Plasmids containing four other regions of the OpMNPV genome that 
hybridize with the enhancer region were also able to replicate in our assay 
indicating that a number of additional sequences may function as 
replication origins. The identification of this second OpMNPV putative 
replication origin has been instrumental for our identification of genes 
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Fig. 2.3 Replication of pOp5 (Hd/MluA) in AcMNPV-infected Sf-9 cells. 
PAcHdL-1 (Leisy and Rohrmann, 1993), containing AcMNPV hr2 cloned 
into pKS-, was transfected into AcMNPV-infected Spodoptera frugiperda 
cells (0.9 gg) (lane 1) and compared with the replication of equimolar 
amounts of OpMNPV Op5 (Hd/MluA) in the same cell line (lane 2). 
PAcHdL-1 and pOp5 (Hd/MluA) were linearized with EcoRI after DpnI 
treatment. A control transfection showed that nonrecombinant plasmid 
(pKS-, 0.5 gg) cannot replicate in AcMNPV-infected Sf-9 cells (data not 
shown). The sizes of linearized input plasmids are shown on the margins 
of the figure. 
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required for DNA replication, because one of the essential genes (lef-1) is 
located within Hind Ill-N, which we routinely use as our reporter plasmid 
in replication assays in uninfected Lymantria dispar cells (see 
accompanying paper). 
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Abstract 

A transient replication assay for the identification of baculovirus 
genes that are essential for replication of an origin-containing reporter 
plasmid was established for the Orgyia pseudotsugata multinucleocapsid 
nudear polyhedrosis virus (OpMNPV). Using a replication origin located 
on the OpMNPV HindIU -N fragment, we identified a subset of cosmids 
and plasmids from an OpMNPV cosmid library that was able to supply all 
the essential trans-acting factors and support replication of the origin-
containing plasmid in uninfected Lymantria dispar cells. However, this 
limited set of DNA's was unable to support replication of a second origin-
containing plasmid derived from a different region of the OpMNPV 
genome. Replication analysis of deletion dones of the HindlII-N fragment 
led to the identification of a gene, late expression factor 1 (lef-1), that is 
essential for the transactivation of DNA replication in this system. 
Transcriptional analysis of lef-1 mapped both early and late transcripts of 
about 1.75 kb. A motif characteristic of nudeoside triphosphate binding sites 

present in the carboxyl-terminal region of ACMNPV LEF-1 is not conserved 
in OpMNPV LEF-1. 
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Introduction 

The baculoviridae are a diverse group of insect pathogens with 
circular, double-stranded, supercoiled DNA genomes ranging in size from 
88 to over 165 kbp that cause a fatal disease of insects primarily of the orders 
Lepidoptera, Hymenoptera and Diptera (Blissard and Rohrmann, 1990). 
Baculoviruses have achieved widespread use as expression vectors because 
of their remarkable ability to overexpress eukaryotic genes under the control 
of late promoter elements. In addition, because of the high degree of 
virulence some baculovirus strains exhibit against certain pest insects, they 
are also being investigated for possible incorporation into insect pest 
management programs. Despite their widespread use, little is known about 
the cis- and trans-acting sequences involved in baculovirus DNA 
replication. 

Recently, putative origins of DNA replication have been identified 
and characterized from three different nuclear polyhedrosis viruses (NPV). 
In all three of these, Autographa californica multinucleocapsid nuclear 
polyhedrosis virus (AcMNPV) (Pearson et al, 1992; Leisy and Rohrmann, 
1993; Kool et al, 1993a; Kool et al, 1993b), Lymantria dispar MNPV 
(LdMNPV) (Pearson and Rohrmann, 1995), and Orgyia pseudotsugata 
MNPV (OpMNPV) (Ahrens et al, 1995), replication origins are composed of 
repeated DNA sequences. These repeated sequences are called homologous 
regions (hrs). In addition, an AcMNPV sequence that is unrelated to the 
hrs and which functions as a weak origin in AcMNPV-infected 
Spodoptera frugiperda cells has been identified (Leisy and Rohrmann, 1993; 
Kool et al, 1993b; Lee and Krell, 1994). Finally, a putative replication origin 

located on the HindIII-N fragment has been described for OpMNPV 
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(Pearson et al, 1993), and it consists of a segment of DNA of almost 4 kb that 
lacks repeated sequences and bears no dear homology with the putative 
replication origins of AcMNPV and LdMNPV. 

In order to identify essential trans-acting sequences from the 
OpMNPV genome, we developed a transient replication assay employing 
plasmids containing two different OpMNPV replication origins and a set of 
overlapping cosmid clones representing the entire viral genome. In this 
report, we describe the application of this assay for the identification of a 
limited set of cosmids/plasmids derived from the OpMNPV genome that 
are capable of supplying all the viral trans-acting sequences necessary for 
DNA replication. In addition, we present a detailed analysis of one region 
demonstrating that a gene called lef-1 is essential for replication of origin-
containing plasmid DNA when transfected into uninfected Lymantria 
dispar cells. 
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Material and Methods 

Cells and cosmids 

The Lymantria dispar (IPLB-Ld-652Y) cell line was propagated at 27°C 

in TNM-FH medium supplemented with 10% (v/v) fetal bovine serum 
(FBS), penicillin G (50 units/m1), streptomycin (50 µg /ml, Whitaker 
Bioproducts), and fungizone (Amphotericin B, 375 ng/ml, Flow 
Laboratories), according to standard procedures (Summers and Smith, 1987). 
The OpMNPV cosmid library contains inserts derived from partially 
digested viral HindIII fragments doned into pVK102 (Leisy et al, 1984). 

Replication assay 

Log phase Ld-652Y cells were seeded onto 6-well culture plates (1.2 x 
106 cells/well) and incubated at 27°C overnight. The cells were then 
transfected with 1 lig of pHdN reporter plasmid that contains a viral origin 
of replication and equimolar amounts (relative to 3 lig of the largest cosmid, 
cosmid 47) of eight overlapping cosmids representing the entire OpMNPV 
genome (Leisy et al, 1984) (Fig. 3.1, cosmids 1, 13, 54, 41, 9, 5, 47, and 27; 
cosmid 64 is also shown), using calcium phosphate precipitation (Graham 
and Van Der Eb, 1973; Summers and Smith, 1987). After four hr, the 
transfection mixtures were removed and 1 ml of TNM-FH medium 
supplemented with 10% FBS and antibiotics was added. After 68 hr at 27°C, 
cells were removed with a rubber policeman, washed once with 500 ill 
phosphate buffered saline and pelleted in a microcentrifuge. Total cellular 
DNA was extracted by resuspending cells in 450 ill of 10 mM Tris pH 7.8, 
0.6% SDS, 10 mM EDTA containing pronase E (Sigma) (2 mg/m1) and 
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incubated at 37°C overnight. The digest was then extracted twice with 
phenol-chloroform-isoamyl alcohol (25:24:1) and once with chloroform-
isoamyl alcohol (24:1), ethanol precipitated and resuspended in 100 gl TE (10 
mM Tris, pH 8; 1 mM EDTA). DNA concentrations were determined 
spectrophotometrically and equal amounts of DNA (approximately 20 gg in 
10 µ1) were digested with a combination of EcoRI (10u) and DpnI (20u) 
(New England Biolabs) in a total volume of 20 gl at 37°C for 4-6 hours, 
followed by a 10 min digestion with RNase A (Sigma, Inc.) (5 11g/sample). 
The digested DNA was electrophoresed on 0.7% agarose gels, blotted to 
Gene Screen Plus membranes (Dupont, Inc.) (Koetsier et al, 1993), hybridized 

for 16-18 hr with [32P]ICTP labeled pKS- (Feinberg and Vogelstein, 1983) at 
65°C in a hybridization oven (Robbins Scientific), and washed under 
stringent conditions (Sambrook et al, 1989). 

Recombinant DNA 

Cloning protocols involved the use of pBlueScribe (pBS-) or 
pBlueScript (pKS-) vectors (Stratagene, Inc.), the former modified by the 
addition of a BglII site in the polylinker (Gombart et al, 1989a). Clones were 
transformed into E. coli JM83 or DH5a strains according to standard 
procedures (Sambrook et al, 1989). The reporter plasmid pHdN contains the 
3.94 kb OpMNPV HindIll-N fragment (m.u. 8.1-11.1) cloned into pKS-
(Pearson et al, 1993). Exonudease III deletion clones from HindIII -N cloned 
into pBS- in both orientations were described previously (Pearson et al, 
1993). The Op5 (Hd/ MluA) clone (Ahrens et al, 1995) (m.u. 97.6-2.5) was 
used as the second reporter plasmid and for brevity is referred to as Op5A in 
this paper. It was subcloned from a 7.5 kb ClaI-XhoI fragment (0p5, m.u. 
96.8-2.5) (Ahrens et al, 1995) by deleting a 1.0 kb HindIII-MluI fragment, 
filling in the ends with Klenow fragment and religating. The OpMNPV 



60 

DNA polymerase gene (Pearson et al, 1993) was initially cloned as a 4.85 kb 
HindlII-Xhol fragment (m.u. 43.9-47.6). A done derived by deletion of a 
800 by HindIII-Sall fragment, filling in the ends with Kienow fragment 
and religating, was also able to support DNA replication and was used in the 
experiments described in this paper (DNApol; m.u. 43.9-47.0). The helicase 
gene (Russell and Rohrmann, 1993) was cloned as a 7.3 kb SstI fragment 
(m.u. 61.4-66.9) from cosmid 9 into pBS-, cut with SstI. 

RNA isolation 

For Northern hybridization and S1 nuclease analysis, total RNA was 
isolated from OpMNPV-infected L. dispar cells as previously described 
(Gross and Rohrmann, 1993), with minor modifications. Briefly, cells 
(approx. 2.0 x 107) were infected at a multiplicity of infection (m.o.i.) of 10, 
collected at various times post infection (p. i.), quick-frozen at - 80°C and 
collectively processed by homogenization in 1.5 ml of a solution containing 
4 M guanidinium isothiocyanate, 0.1 M 2-mercaptoethanol, 5 mM 
sodium citrate, pH 7.0, and 0.5% sarcosyl (Glisin et al, 1974). This solution 
was mixed with 0.6 g of CsCl, sonicated for 30 sec and centrifuged through a 

5.7 M CsC1/ 0.1 M EDTA cushion (110,000 g, 16 hr) (Davis et al, 1986). The 
RNA pellet was resuspended in lx TES (10mM Tris, pH 7.5, 5 mM EDTA, 1 
% SDS), immediately extracted with phenol/chloroform, and ethanol 
precipitated. 

Northern hybridization analysis 

For Northern hybridization analysis of viral mRNA's, 20 gg of total 
infected cell RNA from a time course of infection were electrophoresed on 
1.25% agarose, 6% formaldehyde gels in a buffer of 20 mM MOPS (3[N-
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morpholino1propanesulfonic acid, pH 8.0), 5 mM sodium acetate, 1 mM 
EDTA, pH 7.4 (Thomas, 1980). RNA's were then transferred to nylon 
membranes (Gene Screen Plus; Dupont, Inc.) by capillary blotting, 
crosslinked with an UV crosslinker (UV Strata linker 1800, Stratagene, Inc.) 

according to the manufacturer's instructions, and baked at 80°C for 2 hr. 
The Northern blots were prehybridized at 65°C for 2 hours in PAES 
hybridization buffer (4X SSPE, 0.2 mg/ml polyanetholsulphonic acid 
[Calbiochem], 0.6% SDS, 0.25% sodium pyrophosphate), containing 100 
1.1g/m1 yeast RNA. The done used to generate a strand-specific probe for the 
analysis of the temporal expression of lef-1 was derived by cutting the 
HindIll-N deletion done A5-7 (Pearson et al, 1993) with Hind111 and Sa/I, 
filling in the ends with Klenow fragment (Promega) and religating with T4 
DNA Ligase (NEB) (see Fig. 3.4a). Labeled cRNA transcripts were generated 

using T3 RNA polymerase (Promega) and [32P]UTP from a template 
linearized with Bs tEII, and hybridized to Northern blots in PAES 
hybridization buffer for 16-18 hours at 65°C in a hybridization oven. Blots 
were washed once for 20 min at 25°C and twice for 20 min at 65°C in 0.25X 
SET (7.5 mM Tris pH 8.0, 0.5 mM EDTA, 37.5 mM NaC1), containing 0.1% 

SDS and 0.1 % sodium pyrophosphate. 

Transcriptional mapping with SI nudease 

SI nuclease protection experiments were performed as described by 
Favoloro et al. (Favaloro et al, 1980), with minor modifications. Twenty 1.1.g 
of total cell RNA from selected time points after infection and end-labeled 
DNA fragments used for 5' or 3' mapping were resuspended in 20 11.1 S1 
hybridization buffer, containing 80% formamide, 40 mM piperazine-N,N'-
bis[2-ethanesulfonic acid] (pH 6.4), 1 mM EDTA, and 0.4 M NaCl. The 
DNA-RNA solution was incubated at 85°C for 15 min to denature the DNA 
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and allowed to hybridize at 54°C for 5 hr. 300 ill Si nuclease digestion buffer 
[0.28 M NaC1, 50 mM sodium acetate (pH 4.4), 4.5 mM ZnC12, 20 1.1.g/m1 
denatured salmon sperm DNA] containing 0.5u/g1 S1 nuclease (Promega) 
were added, and the mixture was incubated at 37°C for 30 min. The 
digestion was terminated by the addition of 75 gl S1 termination buffer (2.5 
M ammonium acetate, 50 mM EDTA) and nucleic acids were ethanol 
precipitated. S1 nuclease protected fragments for 5' mapping of lef-1 
transcripts were analyzed on 5% polyacrylamide, 4.6 M urea gels and 
visualized by autoradiography. The sequence ladder used for sizing of the 
protected fragments was generated with the Sequenase Version 1.0 17 DNA 
sequencing kit using bacteriophage M13mp18 DNA and the M13 (-40) 
sequencing primer (USB). Protected fragments for 3' mapping were 
resolved on an 1.8% agarose gel, blotted, and visualized by autoradiography. 
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Results 

Identification of regions in the OpMNPV genome essential for DNA 
replication 

To identify genes in the OpMNPV genome that encode proteins 
essential for DNA replication, we selected a set of eight overlapping cosmid 
clones encompassing the entire OpMNPV genome (Fig. 3.1, cosmids 1, 13, 
54, 41, 9, 5, 47, and 27; cosmid 64 is also shown, see below). We then 
transfected combinations of these cosmids into L. dispar cells along with a 

plasmid containing an OpMNPV replication origin (Hind III-N, map units 
[m.u.] 8.1-11.1) (Pearson et al, 1993) (Fig. 3.1, black bar) and assessed the ability 

of this reporter plasmid to replicate using a DpnI-based replication assay 
(Peden et al, 1980; Pearson et al, 1993). These experiments are summarized 
in Table 2 and 3 and definitive experimental evidence and representative 
controls routinely included in these experiments are shown in Fig. 3.2 and 
3.3. We initially found that cotransfection of all eight cosmids supported 
replication of the reporter plasmid (Table 2, exp. #1). Cosmids encoding 
factors essential for DNA replication were then identified by omitting one 
or two cosmids at a time from the transfection mixture (Table 2, exp. #2-11). 
Except for cosmid 9, omission of single cosmids had no effect on replication 
of the reporter gene (data not shown and Table 2, exp. #8), indicating that an 
essential gene is contained on the HindlII-P and -J fragments (m.u. 60.6 
66.7, Fig. 3.1). Mixtures that lacked two cosmids but still supported 
replication indicated that regions between m.u. 11.1 - 38.9 (minus cosmids 
27, 1; 1, 13; 13, 54; Table 2, exp. #2, #3, #4) and 70.6 - 90.5 (minus cosmids 5, 
47; Table 2, exp. #10) do not contain essential trans-acting factors. However, 
leaving out both cosmid 54 and 41 (m.u. 35.9-48.3) (Table 2, exp. #6), as well 
as cosmid 27 and 47 (m.u. 87.8-8.1) (Table 2, exp. #11), resulted in a loss of the 
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Fig. 3.1 HindIII restriction map of the OpMNPV genome with a schematic 
representation of the cosmid clones used in this study. A subset of essential 
cosmids and plasmids (cosmid 9, 64, and plasmid pDNApol (crosshatched 
bars) and pHdN (black bar)), supply all the essential virus-encoded trans-
acting factors required for replication of the origin-containing reporter 
plasmid pHdN (black bar). The locations of the putative DNA polymerase 
and helicase genes are indicated by arrows. Map units are indicated below 
the map. 
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#1 1 - 4 4 4 4 4 4 - 4 -

Cotransfection experiments (exp.) #1- #11 of different cosmid combinations along with thereporter plasmid pHdN into uninfected Lymantria dispar cells are shown indicatingcosmids included (I) or left out (-). the
The results are presented at the right; a (+) signalindicates replication of pHdN, whereas no replication (-) indicates that regions encodingessential replication factors are not present in the transfection mixture. This data wasderived from at least three independent cotransfections performed for each of the differentcombinations of cosmids and plasmids. 

Table 2: Identification of essential cosmids for DNA replication from the OpMNPV cosmid library 



Exp. Cos 27 Cos 54 Cos 9 Poi Hel Cos 64 Hind N Result 
#12 4 I 4 - - - 4 + 
#13 I/ 4 - - - - 4 -
#14 I I - - I - 4 
#15 4 - I - - -
#16 I - 4 4 - - q + 
#17 - 4 - - - 4 
#18 - 4 4 - - 4 4 + 
#19 - - 4 4 - 4 4 + 

*For details see Table 1. 

Table 3: Identification of the minimal cosmid/plasmid requirements for DNA replication  
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replication signal implying that these regions contain essential replication 
genes. A transfection mixture containing cosmids covering these three 
regions (cosmids 27, 54, and 9) was able to replicate pHdN, thus enabling us 
to eliminate five of the eight cosmids initially used (Table 3, exp. #12). The 
essential regions were further delineated by testing the ability of subdones 
to substitute for the cosmids from which they were derived. Experiment #8 
(Table 2) indicated that the HindIII fragments P and J contain a sequence 
that is required for DNA replication. This region of the genome contains 
the putative helicase gene (Russell and Rohrmann, 1993) and a subclone 
containing this gene was able to replace cosmid 9 in a transfection mix 
containing all the other seven cosmids (data not shown). However, the 
subclone containing the helicase gene fails to replace cosmid 9 in a mixture 
containing cosmids 27 and 54 (Table 3, exp. #13 versus #14), indicating that 

additional essential sequences are contained on cosmid 9. Since the 
replication signal is lost only when cosmids 54 and 41 were omitted 
simultaneously, but not by leaving out either cosmid alone (Table 2, exp. #6 
versus exp. # 5 and #7), one or more essential replication genes had to be 
contained on the HindlII-D fragment (Fig. 3.1, m.u. 38.9 - 47.6). The 
HindIII-D fragment contains a putative DNA polymerase gene (Gross et al, 
1993), and a subclone containing this gene (Fig. 3.1, crosshatched bar m.u. 
43.9-47.0) was able to substitute for cosmid 54 (Table 3, exp. #15 versus #16) 
(Pearson et al, 1993). Cosmid 27, which contains HindIII fragments A, T 
and N, cannot be left out of this combination of three cosmids, but can be 
replaced by cosmid 64 which contains only the HindIII-A fragment (Fig. 3.1, 
and Table 3, exp. #17 and #18). Therefore, a subset of cosmids (cosmid 9 and 

cosmid 64) and a clone containing a putative DNA polymerase gene (Fig. 
3.1, crosshatched bars), are able to supply all the essential trans-acting 
factors required for DNA replication of a cotransfected reporter plasmid 
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(pHdN) (Fig. 3.1, black bar), containing a cis-acting origin of replication  
(Table 3, exp. #19 and Fig. 3.2b, lane 1). 

Identification of an essential replication gene on the viral HindIII-N 
fragment 

Since the ability of pHdN to replicate serves as an indicator whether 
the mixture of cotransfected cosmids/plasmids can supply all the essential 
trans-acting replication factors, it is included in each transient 
complementation assay. However, because of its substantial size (4kb) it 
could contain an essential replication gene in addition to the origin. The 
identification of a second putative origin of replication in the genome of 
OpMNPV (see accompanying paper), located on a 7.5 kb ClaI-XhoI 
fragment (m.u. 96.8-2.5) within HindIll -A (Fig. 3.2a, crosshatched bar), 
allowed us to test whether the HindIII-N fragment contained an essential 
trans-acting factor in addition to the origin of DNA replication. We found 
that the minimal cosmid/plasmid mixture, consisting of cosmid 9 and 
cosmid 64, as well as pDNApol and pHdN, resulted in the efficient 
replication of pHdN (Fig. 3.2b, lane 1). However, if pOpS (Hd/MluA) (m.u. 
97.6-2.5), a subdone of Op5 that replicates efficiently in OpMNPV-infected 
L. dispar cells (Ahrens et al, 1995b) and that we refer to as pOp5A in this 
paper, was substituted for pHdN, no replication of p0p5A was evident (Fig. 
3.2b, lane 2). Substituting cosmid 64 (HindIII-A) with the larger cosmid 
done 27, which contains the Hindi:11-T and -N fragments in addition to 
Hind111-A (Fig. 3.2a), rescues replication of p0p5A (Fig. 3.2b, lane 3), 
indicating that HindIII-N contains an essential replication gene. 
Replication in the transient OpMNPV complementation assay is not origin-
specific under the conditions we used, since longer exposures show (data 
not shown) that the plasmid containing the DNA polymerase gene and a 
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Fig. 3.2 The HindIII-N fragment contains an essential replication gene. (a) 

HindIII restriction map of the OpMNPV genome, showing the essential 
cosmid/plasmid requirements (cosmid 9, 64, pDNApol and pHdN, 
crosshatched bars). In addition, cosmid 27, which contains HindIII-A 
(cosmid 64) plus HindIII-T and -N, as well as a second origin-containing 
fragment (Op5A, m.u. 97.6-2.5) represented by a black bar are shown. Op5A is 
an abbreviation for Op5 (Hd / MluIA), a deletion clone of Op5 that 
replicates efficiently in OpMNPV-infected L. dispar cells (see accompanying 

paper), and that was used in the experiments described in Figure 2 and 3. (b) 
Southern blot showing the replication of different cosmid/plasmid 
combinations with the two reporter plasmids Lane 1 shows the replication 
signal of pHdN when cotransfected with cosmid 9, 64 and pDNApol, a clone 
containing the putative DNA polymerase gene. The replication signal of a 

transfection mixture containing cosmid 9, 64, pDNApol and pOp5A is 
shown in lane 2; an identical mixture containing cosmid 27 in lieu of 
cosmid 64 is shown in lane 3. In lane 4, pBS was cotransfected with cosmid 
9, 27 and pDNApol instead of an origin-containing plasmid. Control 
experiments that are representative of similar controls for the replication 
assays compiled in Tables 1 and 2, and the experiments for Figure 3 are 
shown in lanes 5-8: pOp5A transfected into uninfected L. dispar cells (lane 
5) (the hybridized bands represent DpnI digestion products of pOp5A); 
cellular DNA from uninfected L. dispar cells (lane 6); a DpnI digestion 
control of cellular DNA from uninfected cells mixed with 0.02 1Lg plasmid 
DNA (pHdN) and digested with (lane 7) or without (lane 8) DpnI. 
Numbers to the left of the blot correspond to the size (in kb) of the 
hybridized bands of pHdN (6.9 kb) and pOp5A (5.2 kb). 
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plasmid lacking viral sequences (pBS) can replicate to low levels when all 
the essential regions for DNA replication are present. These results are 
similar to those obtained with a transient AcMNPV transfection assay (Kool 
et al, 1994). Control experiments routinely included in the assays 
summarized in Tables 1 and 2, as well as all the subsequent experiments are 
shown in Figure 2b, lanes 5-8 and demonstrate the following: uninfected L. 
dispar cells transfected with p0p50 alone show no replication of p0p50 
(lane 5); DNA from uninfected L. dispar cells does not hybridize with the 
probe (lane 6); plasmid DNA mixed with uninfected cell DNA and digested 
with or without DpnI (Geier and Modrich, 1979) shows that digestion is 
complete under the conditions used in our experiments (lanes 7 and 8). 

In order to identify the replication gene(s) located on HindIII-N, we 
tested deletion dones from this fragment (Fig. 3.3a; ORF 13 was predicted 
after errors were corrected in the previous sequence (see updated Gen Bank 
D 17353)) for their ability to activate replication of p0p50 when cotransfected 
with a mixture of cosmids 9 and 64, pDNApol and p0p50, which by itself 
does not suffice to support replication of p0p5A (Fig. 3.3b, lane 1). Plasmid 
B19 (Fig. 3.3a) supported replication (Fig. 3.3b, lane 2). This ruled out as 
being essential for replication both the open reading frame (ORF) 11 
(formerly ORE 10 but changed to ORF 11 because of its 50% amino acid 
sequence identity to AcMNPV ORF 11 (Ayres et al, 1994)), as well as the ORF 
transcribed in the opposite direction (ORF 1173+nt) (Fig. 3.3b, lane 2). 
Likewise, deletion done A2-4 (Fig. 3.3a) supports replication thereby 
eliminating the OpMNPV homolog to the AcMNPV egt gene product (Fig. 
3.3b, lane 3). However, done B19BstA (Fig. 3.3a), a deletion done derived 
from B19, fails to supply the essential ORF (Fig. 3.3b, lane 4), indicating that 

deletion of the rightward portion of B19 inactivates the essential ORF (Fig. 
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Fig. 3.3 Identification of the essential replication gene on the HindIII-N 
fragment. (a) Map of the HindlII-N fragment (m.u. 8.1-11.1) with selected 
restriction enzyme sites. The location and size of major open reading 
frames (ORF's) and a selection of deletion clones used to identify the 
essential open reading frame are also shown below the map. Portions of 
ORF's that are not entirely contained on the HindlII-N fragment are 
represented by dashed arrows. The ability of HindIII-N deletion clones to 
supply the essential replication gene is indicated by a + or - symbol to the 
right of the deletion clones. Numbers indicate the location of the deletion 
junction from the Hind111-N sequence (Pearson et al, 1993). The vertical 
dashed lines and the cross-hatched bar indicate the region that supports 
replication. (b) Analysis of deletion clones for their ability to supply the 
essential replication gene. The replication signal of a transfection mixture 
containing cosmid 9, 64, pDNApol and pOp5A is shown in lane 1 Lanes 2-5 

show replication signals of identical transfection mixtures that in addition 
to these four clones contain the following deletion clones of HindIII-N: 
B19 (lane 2), A2-4 (lane 3), B19BstA (lane 4), and B35 (lane 5). The number to 

the left of the blot corresponds to the size (in kb) of the hybridized band of 
p0p5A (52 kb). 
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3.3a). Finally, the deletion done B35 (Fig. 3.3a), which contains an ORF 
which is homologous to AcMNPV ORF 14 (Ayres et al, 1994), also called late 
expression factor 1 (lef-1) (Passarelli and Miller, 1993a), can activate 
replication of pOp5A (Fig. 3.3b, lane 5), indicating that neither ORF 687nt, 
ORF 762 nt, nor ORF 13 (the homolog to the predicted gene product of 
AcMNPV ORF 13 (Ayres et al, 1994)) are required, and that lef-1 is the 
essential gene on the Hind1:11-N fragment. 

Northern blot analysis of 14-1 expression 

To examine the temporal regulation of 14-1 transcription, Northern 
blot analysis was carried out. A deletion clone of the HindIII-N fragment, 
A5-7 (Pearson et al, 1993), was further modified by deletion of a HindlII-
Sall fragment, linearized with BstEll, and a labeled strand-specific probe 
complementary to the 3' end of the lef-1 transcript was synthesized with T3 
RNA polymerase (Fig. 3.4a). The labeled cRNA was hybridized to Northern 
blots of total RNA isolated from OpMNPV-infected Ld-652Y cells (m.o.i. of 
10) at various times post infection and detected several virus-specific 
transcripts in addition to a nonspecific band that corresponds to a ribosomal 
RNA band which is present in each lane of the Northern blot (Fig. 3.4b). A 
major transcript of approximately 1.35kb and a minor transcript of 
approximately 1.75 kb could first be detected at 6 hr p.i. The steady-state 
levels of the major transcript increased up to 36 hr p. i., remained high until 
48 hr p. i. and declined by 60 hr p. i., while the steady-state levels of the 1.75 
kb transcript increased up to 24 hr p. i. and declined thereafter (Fig. 3.4b). An 

additional late transcript of approximately 2.8 kb was first detected at 18 hr p. 

i., and the message levels peaked at 24 hr p. i. and declined thereafter (Fig. 
3.4b). Since the labeled cRNA could potentially detect both the transcripts 
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Fig. 3.4 Northern blot hybridization analysis of OpMNPV lef-1 transcripts. 
(a) Schematic diagram of the Hindi:11-N fragment containing lef-1 (open 
arrow) and the deletion clone A5-7 Hind / SalA (numbers indicate the 
location of the deletion junction from the HindIII-N sequence (Pearson et 
al, 1993)). The strand-specific cRNA transcript is represented by the plain 
arrow. (b) Total RNA was extracted from Ld-652Y cells either mock-infected 

(M) or infected with OpMNPV at a m.o.i. of 10, at the hrs p. i. indicated 
above the lanes. The locations of marker DNA (kb) are shown to the left of 
the blot and the sizes (in kb) and locations of three major bands 
corresponding to 14-1 and ORF13 transcripts are indicated by arrows on the 
right. 
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of lef-1 and of ORF 13, transcriptional mapping of the lef-1 transcript was 
carried out to determine which of the bands corresponds to the lef-1 
transcript. 

Transcriptional mapping of the 5' and 3' ends of OpMNPV lef-1 
transcripts 

Both the 5' and 3' termini of the lef-1 transcript were mapped by SI 
nudease protection assays with RNA's from selected time points of the time 
course of infection. Northern hybridization data suggested that if the 1.35 
and 1.75 kb bands represented transcripts of lef-1 and/or ORF 13, that these 
genes would be classified as early genes since their expression was first 
detected at 6 hr p. i., well before the onset of DNA replication between 12-18 
hr p. i. (Bradford et al, 1990). A larger transcript was detected by 18 hr p.i. 
and at later time points. We therefore chose a time point where both early 
and late transcripts were expressed, and performed SI nuclease protection 
assays on RNA isolated after 24 and 48 hr post infection. Nal and BspHI 
restriction enzyme fragments covering sequences downstream of the ATG 
of lef-1 and extending into the polylinker (Fig. 3.5a) were 5' end-labeled in 
order to localize the 5' end of the lef-1 transcript. Both labeled probes 
identified several protected fragments, mapping the transcriptional 
initiation sites to identical nucleotides in the sequence upstream of the start 
codon of lef-1 (Fig. 3.5c; protected fragments are shown in Fig. 3.5b for the 
BspHI restriction enzyme fragment). Two major transcriptional initiation 
sites were localized to a region around nucleotide -42 relative to the ATG 
(Fig. 3.5b), which correspond to about 35 nt downstream of an A-rich region 

(Fig. 3.5c), and nucleotides -124 and -125 (Fig. 3.5b), which correspond to 
about 30 nt downstream of a TATA box, part of which overlaps with a late 
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Fig. 3.5 Mapping of the 5' and 3' ends of lef-1 by S1 nuclease protection 
assays. (a) Schematic representation of the DNA fragments used to map the 
5' and 3' ends of the lef-1 transcript. The asterisks indicate the position of 
the label on the complementary strand of the respective DNA fragments. 
(b) Autoradiogram showing the results of S1 nudease protection assays 
mapping the mRNA start sites of lef-1 using RNA from mock-infected cells 
(M) or RNA extracted 24 hr and 48 hr post infection (24, 48). Si nudease 
protected fragments are shown for the labeled BspHI restriction fragment. 
The sequence ladder for sizing of the protected fragments was generated 
with bacteriophage M13mp18 DNA using the M13 (-40) sequencing primer. 
Major protected fragments are indicated by arrows and numbers 
corresponding to the respective initiation sites are shown relative to the 
start codon of lef-1 (an S1 protection assay using the labeled NotI 
restriction fragment mapped the initiation sites to identical positions). (c) 

Nucleotide sequence upstream of the ATG of lef-1 and location of 
transcriptional initiation sites detected by S1 nuclease protection assays. 
TATA boxes and the start codon of lef-1 are shown in bold; the late 
promoter consensus motif is double underlined and major and minor 
transcriptional initiation sites are indicated by bold and plain arrows 
respectively. (d) Mapping of the 3' end of the lef-1 message. 
Autoradiogram with the results of S1 nudease protection assays using RNA 
from mock-infected cells (M) or RNA extracted 24 hr and 48 hr post 
infection (24, 48). The location of the untreated probe is shown in the probe 
lane (P). Bacteriophage 0X174 digested with HaeIII and labeled with [32P] 
served as a size marker (S), and the size of selected markers (in kb) is shown 
at the right. The size of the S1 nudease protected fragment (1.25 kb) is 
indicated by an arrow to the left of the blot. 
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promoter consensus motif (Fig. 3.5c). Transcriptional initiation was 
observed from nucleotides -150 and -151 (Fig. 3.5b), which maps to the last 
two nucleotides of a late promoter consensus motif ATAAG (Fig. 3.5c, 
double underlined nucleotides). 

The 3' end of the major lef-1 transcript was mapped by using a 
fragment 3' end-labeled at the BstEll site, and extending into sequences 
from the plasmid vector pKS" (Fig. 3.5 a). A single fragment of 
approximately 1.25 kb was protected using RNA extracted 24 and 48 hours 
after infection (see arrow, Fig. 3.5d). A polyadenylation signal is located 
approximately 0.9kb downstream of the stop codon of lef-1 and about 1.3 kb 
downstream of the BstEll recognition site (Pearson et al, 1993). Taken 
together, the data for the 5' and 3' mapping of lef-1 predict major early 
transcripts of approximately 1.6 kb to 1.7 kb, and a late transcript of 
approximately 1.7 kb, which is in good agreement with the transcript size of 
approximately 1.75 kb detected by Northern analysis. The major transcript 
of approximately 1.35 kb that was also detected could correspond to a 
transcript of ORF 13. The transcriptional initiation sites of ORF 13 were not 
mapped, but TATA sequences are located about 60 and 170 nt upstream of 
the initiation codon, and a late promoter consensus motif, ATAAG, 
overlaps with the first TATA sequence. Transcriptional initiation within or 
downstream of these motifs could account for early and late transcripts of 
approximately 1.0-1.1 kb if the same polyadenylation site is being used. The 
nature of the late transcript of 2.8 kb was not investigated further. 
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Database search 

All available databases were searched with the OpMNPV lef-1 
predicted amino acid sequence using the BLAST (Altschul, 1990) network 
service of the National Center for Biotechnology Information and the 
FASTA (Pearson, 1988) program from the suite of sequence analysis 
software of the Genetics Computer Group in Wisconsin (Devereux et al, 
1984) (Version 7.2-UNIX, 1992). No apparent significant homology other 
than with baculovirus LEF-1 proteins was detected. Alignment of OpMNPV 
and AcMNPV LEF-1 with GCG's GAP program revealed 75% amino acid 
sequence similarity and 58% amino acid sequence identity over a stretch of 
243 amino acids. A nucleoside triphosphate-binding site motif similar to 
the type found in protein kinases (G-X-G-X-X-G- 15-20 amino acids -K, 
(Hunter, 1987)) is present in the carboxyl-terminal portion of AcMNPV LEF-
1 (Passarelli and Miller, 1993a). This motif is not conserved in OpMNPV 
LEF-1 (Fig. 3.6). 
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Fig. 3.6 Alignment of the predicted protein sequences of OpMNPV LEF-1 

and ACMNPV LEF-1. Alignments were generated with the GAP program of 
the GCG package of sequence analysis software (Devereux et al, 1984) 

(Version 7.2-UNIX, 1992). A nudeoside triphosphate-binding site motif 
similar to the type found in protein kinases (G-X-G-X-X-G- 15-20 amino 

acids-K, (Hunter, 1987)) is present in the carboxyl-terminal portion of 

ACMNPV LEF-1 (Passarelli and Miller, 1993a), represented by bold 

underlined letters. This motif is not conserved in OpMNPV LEF-1. 
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Discussion 

In this report, we have described a DpnI-based transient replication 
assay for the identification of essential replication genes of the baculovirus 
OpMNPV. This assay is similar to an assay developed to identify Herpes 
simplex virus Type I replication genes (Challberg, 1986), and is based on the 
ability of a library of clones covering the entire viral genome to replicate a 
cotransfected plasmid containing an origin of replication. Omission of 
essential regions allows for the identification of trans-acting factors 
required for DNA replication of the origin-containing plasmid. Replication 
genes from several large DNA viruses have been identified using this 
strategy (Wu et al, 1988; Pari and Anders, 1993; Pari et al, 1993; Kool et al, 
1994b). A prerequisite for the development of this assay was the 
identification of a cis-acting origin of replication on the viral HindIII-N 
fragment, which undergoes replication in OpMNPV-infected insect cells 
(Pearson et al, 1993). 

Our initial goal was to identify a minimal subset of cosmids that were 
required for DNA replication, and to then further analyze each of the 
essential regions in detail. Omission of individual or combinations of two 
and more cosmids from this library, combined with the use of subdones 
containing genes whose gene products were expected to be involved in 
OpMNPV DNA replication, allowed us to identify two cosmid (cosmid 64 
and 9) and two plasmid clones (pDNApol and pHdN) that are sufficient to 
supply all the essential virus-encoded trans-acting factors required for DNA 
replication of the reporter plasmid. The identification of a second origin 
from the genome of OpMNPV (see accompanying paper) allowed us to 
identify an essential replication gene, lef-1, on the HindIII-N fragment. It 
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is interesting to note that the two activities of the HindIII-N fragment, its 
function as an origin of replication and its coding for an essential replication 
gene, are independent of each other. The deletion clones B19, A2-4 and 
B19BstA either function as origins of replication in infected cells (Pearson et 
al, 1993) and contain the essential gene (B19, A2-4), or fail to replicate in 
infected cells and do not supply lef-1 (B19BstA). However, B35 cannot 
undergo infection-dependent replication (Pearson et al, 1993) but supplies 
the essential replication gene (Fig. 3.3b, lane 5), while the deletion clone A5-
7 replicates well in OpMNPV-infected cells (Pearson et al, 1993) but does not 
contain 14-1. 

The lef-1 gene is homologous to AcMNPV lef-1, a gene initially 
identified from the genome of the related Autographa californica 
baculovirus as being involved in late and very late gene expression 
(Passarelli and Miller, 1993a). Omitting lef-1 from an AcMNPV library 
curtailed most late and very late gene expression, but had no effect on early 
gene expression, as evidenced by analysis of CAT expression of reporter 
constructs under control of early, late or very late promoters. However, the 
assay employed by Passarelli et al. does not distinguish between genes whose 

products are directly involved in regulating late gene expression and those 
involved in DNA replication, and thus indirectly required for late gene 
expression. Recently, it has been shown that lef-1 is required for AcMNPV 
DNA replication (Kool et al, 1994b). Similar to AcMNPV lef-1 which is 
expressed as an early gene (Passarelli and Miller, 1993a), OpMNPV lef-1 
expression can be detected by 6 hr post infection. Two major early 
transcripts initiate approximately 30 basepairs downstream of a TATA-box 
and 35 basepairs downstream of an A-rich region. In contrast to AcMNPV, 
we have found an additional transcript that initiates from a late promoter 
consensus motif, ATAAG, at late times during infection. Despite the 
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presence of three late promoter motifs in the 300 nt upstream of the ATG of 
AcMNPV lef-1, no late transcripts were reported (Passarelli and Miller, 
1993a). 

The corrected nucleotide sequence of OpMNPV lef-1 (Gen Bank 
D17353) predicts a polypeptide of 243 amino acids (27.9 kDa) with 75% amino 
acid sequence similarity and 58% amino acid sequence identity to AcMNPV 
LEF-1. No significant homology with other proteins in the database could 
be found. Although a predicted nucleoside triphosphate-binding domain 
near the C-terminus of AcMNPV LEF-1 was reported (Passarelli and Miller, 
1993a), a similar domain is not conserved in OpMNPV LEF-1. 

The development of a transient replication assay for OpMNPV has 
laid the foundation for further investigations of baculovirus DNA 
replication. We are currently identifying and characterizing the remaining 
virus-encoded replication genes contained on the other essential regions of 
the OpMNPV genome. 
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Abstract 

Using a transient complementation assay for DNA replication of an 
origin-containing reporter plasmid, a 2.4 kb region (m.u. 48.3-50.1) of the 
Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus 
(OpMNPV) genome was identified that contains a gene essential for 
OpMNPV DNA replication. This region was sequenced and open reading 
frames were identified. Replication assays using subclones from this region 
identified a gene called late expression factor 3 (lef-3), as the essential 
replication gene. Transcriptional mapping using both Northern blot and SI 
nuclease protection assays demonstrated that lef-3 was expressed as an early 
gene with a major transcript of 1.7 kb in length. OpMNPV lef-3 encodes a 
protein with a predicted molecular weight of 42.6 kDa (373 amino acids) and 
exhibits 41% amino acid sequence identity with its homolog in the genome 
of the Autographa californica MNPV. A pattern of amino acids similar to 
that found in single-stranded DNA binding proteins is present in the 
amino-terminus of both OpMNPV and AcMNPV LEF-3. 
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Introduction  

Baculoviruses have large, covalently closed, circular, double-stranded 
DNA genomes of 88 to over 166 kb depending on the virus strain (Blissard 
and Rohrmann, 1990). Although they have achieved widespread use as 
expression vectors, little is known about how they replicate their DNA. 
Recently, putative origins of DNA replication have been identified in 
several baculoviruses including the Autographa californica 
multinudeocapsid nuclear polyhedrosis virus (AcMNPV) (Pearson et al, 
1992; Leisy and Rohrmann, 1993; Kool et al, 1993a; Kool et al, 1993b; Kool et 

al, 1994c), the Lymantria dispar MNPV (LdMNPV) (Pearson and 
Rohrmann, 1995), and the Orgyia pseudotsugata MNPV (OpMNPV) 
(Pearson et al, 1993; Ahrens et al, 1995b). Although OpMNPV and AcMNPV 
have genomes of similar size and large portions of their genomes show a 
colinear pattern of organization of homologous genes (Leisy et al, 1984; 
Gombart et al, 1989b), their putative replication origins demonstrate only 
limited sequence homology. In addition, plasmids containing a putative 
origin of one virus are replicated only very poorly by the heterologous virus 
(Pearson et al, 1993; Ahrens et al, 1995b). This suggests that, although the 
viruses appear to have genomes of similar structure and organization, the 
DNA replication apparatus of these two viruses are highly specific. 

The ability to identify the virus-encoded genes that are involved in 
replicating baculovirus DNA has been greatly advanced by the recent 
establishment of transient replication assays for the identification of 
essential baculovirus genes involved in DNA replication of both AcMNPV 
(Kool et al, 1994b) and OpMNPV (Ahrens and Rohrmann, 1995). These 

assays rely on the ability of a library of cosmid clones covering the entire 
baculovirus genome to supply all the essential virus-encoded trans-acting 
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factors required for replication of a cotransfected reporter plasmid, 
containing a cis-acting origin of DNA replication. Omission of cosmid 
clones that contain essential sequences for DNA replication result in the 
loss of the replication signal, which can be detected by a DpnI-based 
replication assay (Peden et al, 1980; Pearson et al, 1993). Using this strategy, a 

set of six essential and three to four stimulatory genes were identified for 
AcMNPV (Kool et al, 1994b; Lu and Miller, 1995). In addition, a limited 
subset of cosmid and plasmid clones from the OpMNPV genome have been 
described and we have begun to identify and characterize the essential 
replication genes in the OpMNPV genome (Ahrens and Rohrmann, 1995). 
We previously reported that the OpMNPV 14-1 and helicase genes were 
essential for replication of an OpMNPV origin-containing plasmid in L. 
dispar cells (Ahrens and Rohrmann, 1995). 

In this report, we present a detailed analysis of subclones from the 
48.3-70.6 m.u. region of the OpMNPV genome and describe the 
identification, nucleotide sequence, and transcriptional mapping of an open 
reading frame (ORF) called lef-3, that is essential for OpMNPV DNA 
replication. 
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Material and Methods 

Cells and Cosmids 

The L. dispar (IPLB- Ld -652Y) cell line was propagated at 27°C in 
TNM-FH medium supplemented with 10% (v/v) fetal bovine serum (FBS), 
penicillin G (50 units /ml), streptomycin (50 µg /ml, Whitaker Bioproducts), 
and fungizone (Amphotericin B, 375 ng/ml, Flow Laboratories), according 
to standard procedures (Summers and Smith, 1987). The OpMNPV cosmids 
are described in Leisy et al (Leisy et al, 1984). 

Replication assay 

The replication assay has been described previously (Ahrens and 
Rohrmann, 1995). Briefly, log phase Ld-652Y cells were seeded onto 6-well 
culture plates (1.2 x 106 cells/well), incubated at 27°C overnight, transfected 
for four hr with 1µg of pHdN reporter plasmid containing a viral origin of 
replication and equimolar amounts (relative to 2.9 ;.1.g of the largest cosmid, 
cosmid 27) of selected cosmids (or subdones thereof), using calcium 
phosphate precipitation (Graham and Van Der Eb, 1973; Summers and 
Smith, 1987), and incubated for 68 hr at 27°C in TNM-FH medium 
supplemented with 10% fetal bovine serum and antibiotics. Subsequently, 
cells were removed with a rubber policeman, washed with phosphate 
buffered saline (pH 7.4; Sigma Diagnostics), and total nucleic acids were 
extracted. Nucleic acid concentrations were determined 
spectrophotometrically and equal amounts (approximately 20 i.tg in 10 j.t1 ) 

were digested with a combination of EcoRI (10u) and Dpnl (20u) (New 
England Biolabs) at 37°C for 4-6 hours, followed by a 10 min digestion with 
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RNase A (Sigma, Inc.) (5 ;1g/sample). The digested DNA was 
electrophoresed on 0.7% agarose gels, blotted to Gene Screen Plus 
membranes (Dupont, Inc.) (Koetsier et al, 1993), hybridized for 16-18 hr with 

[32P]dCTP labeled pKS" (Feinberg and Vogelstein, 1983) at 65°C in a 
hybridization oven (Robbins Scientific), and washed under stringent 
conditions (Sambrook et al, 1989). 

Recombinant DNA 

Cloning protocols involved the use of pBlueScribe (pBS-) or 
pBlueScript (pKS") vectors (Stratagene, Inc.), the former modified by the 
addition of a BglII site in the polylinker (Gombart et al, 1989a). Clones were 
transformed into Escherichia coli JM83 or DH5a strains according to 
standard procedures (Sambrook et al, 1989). The reporter plasmid pHdN 
contains the 3.94 kb OpMNPV HindIII-N fragment (m.u. 8.1-11.1) cloned 
into HindIII cut pK.S- (Pearson et al, 1993). The OpMNPV DNA polymerase 
gene (DNApol; m.u. 43.9-47.0) was described previously (Ahrens and 
Rohrmann, 1995). The helicase gene (Russell and Rohrmann, 1993) was 
initially cloned as a 7.3 kb SstI fragment (m.u. 61.4-66.9) into SstI cut pBS" 
(Ahrens and Rohrmann, 1995). A subclone of this fragment derived by 
deletion of a 1.9 kb BamHI-XhoI fragment, filling in the ends with Klenow 
fragment (Promega) and religating with T4 DNA ligase (New England 
Biolabs), was also able to support DNA replication and was used in the 
experiments described in this paper (phel, m.u. 62.8-66.9). Subclones of the 
Hind III-B fragment are shown in Figs. 4.1c and 4.3a and were cloned as 
follows: pGB6 (8.0 kb, m.u. 52.0-58.1), a Sall A fragment into Sall cut pBS-; 

pCA21 (4.3 kb, m.u. 57.3-60.6) and pCA19 (5.15 kb, m.u. 48.3-52.2), 
SstI/ HindIII fragments into SstI-HindIII cut pBS-; pCA28 (4.65 kb, m.u. 
48.3-51.8), a HindIII/BglII fragment into HindIII-BamHI cut pSKII; pCA31 
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(3.1 kb, m.u. 48.3-50.7), a HindIII/EcoRI fragment into HindIII-EcoRI cut 
pBS-; and pCA29 (2.4 kb, m.u. 48.3-50.1), a HindIII/XhoI fragment into 
HindIII-XhoI cut pKS-. Several subdones of pCA29 were generated for the 
identification of the essential ORF in this 2.4 kb region as follows: 
pCA29S / XA, deleting a 650-bp Sall/ XhoI fragment from pCA29 and 
religating (m.u. 48.3-49.6); pCA29S/XNarA, deleting a 380-bp Nan 
fragment from pCA29S/ X A; pCA29B a m A, deleting a 400-bp BamHI 
fragment from pCA29 and religating (m.u. 48.6-50.1). PCA29tIII was 
constructed by Exonudease III digestion as described below and contains 
nucleotides 752-2377 of the sequence in Fig. 4.2b. 

DNA sequencing and analysis 

Exonudease III deletion clones (Henikoff, 1987) for sequence and 
replication analyses were generated from pCA29 in both directions, and the 
nucleotide sequence of this 2.4 kb region was determined. Plasmid 
templates for DNA sequencing were prepared with Qiagen columns or 
using a protocol recommended by Applied Biosystems, Inc., involving SDS-
alkaline lysis followed by polyethylene glycol precipitation. Sequencing 
reactions were performed using the Taq DyeDeoxy (TM) Terminator Cycle 
Sequencing Kit (Applied Biosystems, Inc.) according to the manufacturers' 
instructions with the exception that the reactions were performed in 5% 
dimethyl sulfoxide and cycled to a higher denaturation temperature (97°C) 
in a Perkin-Elmer Cetus Model 480 or Model TC1 thermal cyder. Reactions 
were electrophoresed and analyzed on an ABI Model 373A Automated 
DNA Sequencer. The nudeotide sequence and the predicted protein 
sequences were analyzed with the GCG suite of sequence analysis programs 
(Devereux et al, 1984), Version 7.2-UNIX (1992). 
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RNA isolation and transcriptional analysis by Northern hybridization 
and Si nuclease mapping 

Both the isolation of total RNA from a time course of OpMNPV-
infected L. dispar cells based on a modified version (Gross and Rohrmann, 
1993) of the original protocol by Glisin et al (Glisin et al, 1974), as well as the 
transcriptional mapping of RNA's of selected time points with Si nuclease 
(Favaloro et al, 1980) have been described previously (Ahrens and 
Rohrmann, 1995). S1 nuclease protected fragments for the 5' and 3' 
mapping of lef-3 transcripts were analyzed on 5% polyacrylamide, 4.6 M 
urea gels and visualized by autoradiography. The sequence ladder used for 
sizing the protected fragments was generated with the Sequenase Version 
1.0 T7 DNA sequencing kit using bacteriophage M13mp18 DNA and the 
M13 (-40) sequencing primer (USB). 

For Northern hybridization analysis of viral mRNA's, 20 j.ig of total 
infected cell RNA per time point from a time course of infection were 
electrophoresed on 1.25% agarose, 6% formaldehyde gels, transferred to 
Gene Screen Plus membranes (Dupont, Inc.), crosslinked with an UV 
crosslinker (UV Strata linker 1800, Stratagene, Inc.) according to the 
manufacturer's instructions, and baked at 80°C for 2 hr. Northern blots 
were prehybridized at 65°C for 2 hr in PAES hybridization buffer (4X SSPE, 
0.2 mg/ml polyanetholsulphonic acid [Calbiochem], 0.6% SDS, 0.25% 
sodium pyrophosphate), containing 100 gg/m1 yeast RNA. The done used 
to generate a strand-specific probe for the analysis of the temporal 
expression of lef-3 was derived by cutting the pCA29 deletion clone 
pCA29AtIV (starting at nucleotide 1423 of the sequence in Fig. 4.2) with 
EagI and religating the remaining vector-containing 3.2 kb fragment to 
produce pCA29 AtIV/EagA. Labeled cRNA transcripts were generated using 
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17 RNA polymerase and [32131UTP from pCA29AtIV/EagA linearized with 

Nad, and hybridized to Northern blots in PAES hybridization buffer for 16-
18 hours at 65°C in a hybridization oven. Blots were washed once for 20 
min at 25°C and twice for 20 min at 65°C in 0.25X SET (7.5 mM Tris pH 8.0, 

0.5 mM EDTA, 37.5 mM NaC1), containing 0.1% SDS and 0.1 % sodium 
pyrophosphate. 

Nucleotide sequence accession number 

The nudeotide sequence data reported in this paper will appear in the 
GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under the 
following accession number: D45397. 
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Results 

Identification of essential replication genes within m.u. 48.3-70.6 of the 
OpMNPV genome 

In a previous report, we described the identification of a limited subset 
of cosmid and plasmid clones from the OpMNPV genome that suffice to 
supply all the virus-encoded trans-acting genes essential for DNA 
replication of an origin-containing reporter plasmid. This set of clones 
consists of cosmid 9, cosmid 64, a plasmid containing the DNA polymerase 
gene (pDNApol), and a plasmid harboring the viral HindIII-N fragment 
(pHdN) which contains both a viral cis-acting origin of replication and the 
essential replication gene lef-1 (Fig. 4.1a, crosshatched bars and Fig. 4.1b, 
lane 1) (Ahrens and Rohrmann, 1995). In addition, we reported that the 
replication signal was lost when cosmid 9 was omitted from a transfection 
mixture containing a set of eight overlapping cosmid dones encompassing 
the entire viral genome (this transfection mixture did not contain the 
region from m.u. 60.6-66.7). The replication signal could be restored if a 
clone containing the putative helicase gene (m.u. 62.8-66.9) was 
cotransfected in lieu of cosmid 9. However, we could not rule out the 
presence of other genes essential for DNA replication contained within 
those regions of cosmid 9 that overlapped the other cosmid clones (m.u. 
48.3-60.6 and 66.7-70.6). 

In order to determine whether further essential trans-acting factors in 
addition to the helicase gene were contained on cosmid 9 (m.u. 48.3-70.6), 
we analyzed two additional cosmid clones (cosmid 41 and cosmid 63, Fig. 
4.1a) in the transient replication assay. Substitution of cosmid 9 from a 
cotransfection mixture containing the limited subset of clones (cosmid 9, 64, 
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Fig. 4.1 Identification of sequences essential for DNA replication contained 
on cosmid 9. (a) HindIII restriction map of the OpMNPV genome with a 
schematic representation of the previously identified subset of cosmids and 
plasmids (cosmids 9, 64, and pDNApol, and pHdN), that supply all the 
virus-encoded essential trans-acting factors for replication of the origin-
containing reporter plasmid pHdN (m.u. 8.1-11.1) (Ahrens and Rohrmann, 
1995) (crosshatched bars). Cosmid 41 and cosmid 63, and the locations of 
lef-1, the DNA polymerase and the helicase genes are also shown. Map 
units are indicated below the map. (b) DpnI -based replication assay 
showing the results of different combinations of cosmids and plasmids. The 
combination of clones transfected into uninfected cells is shown above each 
lane and includes: Lane 1; cosmid 9 and cosmid 64, pDNApol, and pHdN. 
Lane 2; cosmid 64, pDNApol, phel, and pHdN. Lane 3 and 4; identical to 
lane 2 except cosmid 63 and cosmid 41 are included, respectively. Lane 5; 
cosmid 9 and 64, pDNApol, B35 (a deletion clone of Hind III N supplying 
lef-1), and pBS-. Controls include: Lane 6; pHdN transfected into 
uninfected L. dispar cells. Lane 7; cellular DNA from uninfected L. dispar 
cells. Lane 8 and 9; DpnI digestion controls composed of cellular DNA 
mixed with 0.02 microgram plasmid DNA (pHdN) and digested with (lane 
8) or without (lane 9) DpnI. The number to the left of the blot corresponds 
to the size (in kb) of the hybridized band of linearized pHdN (6.9 kb). (c) 

Map of the HindIII-B fragment with selected restriction endonuclease sites 
and a schematic representation of the various subdones used to identify 
essential sequences for DNA replication within this region. The ability of 
the various deletion clones to supply the essential replication gene is 
indicated by a + or - symbol to the right of the deletion clones. (d) Analysis 
of subdones of HindIII-13 for their ability to supply essential replication 
gene(s). The replication signals result from transfection mixtures 
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containing cosmid 64, pDNApol, phel, pHdN and the following additional 
dones: Lane 1; pCA19, pGB6, and pCA21; lane 2, pCA21; lane 3, pGB6; lane 4 

pCA19; lane 5, pCA28; lane 6 pCA31; lane 7, pCA29. The size of linearized 
pHdN (in kb) is indicated to the left of the blot. 
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pDNApol, pHdN) with the helicase gene (phel) alone resulted in the loss of 
the replication signal (Fig. 4.1b, compare lane 2 versus lane 1), indicating 
that additional gene(s) required for DNA replication were contained on 
cosmid 9. Substitution of cosmid 9 with the helicase gene and cosmid 63 
(covering the Hind III fragments P, J, G, 0, and F, Fig. 4.1a) failed to restore 
the replication signal (Fig. 4.1b, lane 3), indicating that the additional 
essential trans-acting factor(s) are not contained on the HindIII fragments 
P, J or G. However, a mixture containing cosmid 64, pDNApol, pHdN, phel, 

and cosmid 41 (covering the HindIII fragments D, U, V, and B, Fig. 4.1a) 
could substitute for cosmid 9 (Fig. 4.1b, lane 4). This suggested that an 
additional essential replication gene was contained on the HindIII-B 
fragment which is overlapped by cosmid 9 and cosmid 41 (Fig. 4.1a). As 
described previously (Ahrens and Rohrmann, 1995), replication in the 
transient replication assay is not entirely origin-specific. Longer exposures 
show that plasmids that do not contain an origin of replication (pDNApol, 
B35, a deletion clone of HindlII-N that supplies lef-1 but does not contain 
an origin of replication, and pBS-) are also able to replicate, however at 
much lower levels than HindIll-N (Fig. 4.1b, lane 5). 

Controls for this and the following experiments are shown in Fig. 4.1b, 
lanes 6-9 and indicate the following: uninfected L. dispar cells transfected 
with pHdN alone show no replication of pHdN (lane 6); DNA from 
uninfected L. dispar cells does not hybridize with the probe (lane 7); 
plasmid DNA mixed with uninfected cell DNA and digested with or 
without Dpnl shows that digestion is complete under the conditions used 
in our experiments (lanes 8 and 9). 
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To further localize the essential replication gene(s) on the HindIII-B  
fragment (m.u. 48.3-60.6) several subdones were tested in the replication 
assay. Three overlapping subdones of the HindIII-B fragment (pCA19, 
pGB6, pCA21; Fig. 4.1c) and a done containing the helicase gene (phel) were 
able to replace cosmid 9 from a transfection mixture containing the limited 
subset of clones (Fig. 4.1d, lane 1). We therefore tested each of the subdones 

individually and found that pCA21 and pGB6 failed to support replication 
of the reporter gene, but pCA19 and three deletion dones (pCA28, pCA31, 
and pCA29, Fig. 4.1c) provided the essential trans-acting replication factor(s) 

(Fig. 4.1d, lanes 2-7), thus limiting the essential sequence to m.u. 48.3-50.1. 

Nucleotide sequence of the 48.3-50.1 m.u. region of the OpMNPV 
genome 

The 2.4 kb HindIII-XhoI insert of pCA29 was sequenced in both 
directions (Fig. 4.2; the sequence is presented in the reverse orientation 
relative to the genome to facilitate visual analysis). Computer analysis 
revealed one large ORF in the 3' to 5' direction, as well as two smaller ORFs 
and two truncated larger ORFs in the 5' to 3' direction (Fig. 4.3a). These 
ORFs were named to correspond to their AcMNPV homologs (Ayres et al, 
1994) (see below). Analysis of the sequence with the GRAIL suite of 
sequence analysis tools (GRAIL 1 and GRAIL la) (Uberbacher, 1991) 
indicated that ORFs with excellent coding potential were 14-3, ORF 68 and 
Op-iap2, while ORF 321 nt had only marginal coding potential. Lef-3 was 

predicted to encode a polypeptide of 373 amino acids with a molecular 
weight of 42.6 kDa. In addition, putative polypeptides encoded by these 
ORFs were used to search a colinear region of the AcMNPV genome 
sequence (Ayres et al, 1994) with the TFASTA program (Pearson, 1988) from 
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Fig. 4.2 Nucleotide sequence of the region from Xhol (m.u. 50.1) to HindIII 
(m.u. 48.3) of the OpMNPV genome. The predicted amino acid sequences 
for major ORFs are shown below the nucleotide sequence. Numbering for 
the nucleotide sequence and the predicted amino acid sequence of lef-3 is 
shown to the right of each row. The transcriptional initiation sites of lef-3 
transcripts are indicated by asterisks above the sequence (*). The first 
nucleotides of the deletion clones pCA29S/M, pCA29tIll, pCA29AtIV, and 
pCA29Bamil are marked by an arrow (->) above the sequence; late promoter 
consensus sequences are underlined and also marked by arrows (->). A 
putative promoter for lef-3 expression (TAAATA) is underlined with a 
dashed line. A potential polyadenylation signal (AATAAA) is doubly 
underlined and the nucleotides complementary to the 3' end of the lef-3 
transcripts are indicated by dots (D) above the sequence. 
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the GCG software package for the presence of homologous proteins. This 
search indicated the following amino acid identities: ORF 66 aligned over 
60 of the 69 C-terminal amino acids with AcMNPV ORF 66 with 48.3 % 
identity; the LEF-3 protein showed 41 % identity over the entire length of 
the alignment; ORF 68 aligned over 134 amino acids with AcMNPV ORF 68 
with 61% identity, IAP2 aligned over 153 of the 175 N-terminal amino adds 
with AcMNPV IAP2 (Ayres et al, 1994) with 54% identity. The latter ORF is 
called Op-iap2. 

Identification of the ORF essential for DNA replication located within 
the HindlII-XhoI fragment 

In order to identify the ORF essential for DNA replication, several 
deletion clones of the 2.4 kb fragment were tested alone or in combination 
for their ability to transactivate the replication of the reporter plasmid in the 
transient replication assay. Both the full length pCA29 done and the 
deletion clone pCA29S/XA (Fig. 4.3a) supported replication when 
cotransfected with a mixture of DNA's consisting of cosmid 64, pDNApol, 
phel and pHdN (Fig. 4.3b, lanes 1 and 2). This indicated that neither ORF 
321 nt, nor the partially contained Op-iap2 gene are essential for DNA 
replication. The deletion clone pCA29tIII (Fig. 4.3a) also supported 
replication of the reporter plasmid (Fig. 4.3b, lane 3), but at much lower 
levels than pCA29S/XA. The failure of the deletion clone pCA29BamA (Fig. 
4.3a) to support replication (Fig. 4.3b, lane 4) implicated lef-3 as the essential 
gene since the BamHI deletion removes part of the carboxyl-terminal 
portion of LEF-3 (Fig. 4.2). However, since pCA29S/XA stimulated 
replication to a much higher level than pCA29tIll which contains 14-3 but 
not the entire ORF 68 (Fig. 4.3a), ORF 68 could possibly encode a factor 
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Fig. 4.3 Identification of the essential replication gene within the 2.4 kb 
HindIII-Xhol sequence. (a) Map of pCA29 with selected restriction 
endonudease sites. The location and size of major open reading frames 
(ORFs) and the deletion clones used to identify the essential ORF are shown 
below the map. Portions of ORFs that are not entirely contained on pCA29 
are represented by dashed arrows. The ability of the various deletion clones 
to supply the essential replication gene is indicated by a + or - symbol to the 
right of the deletion clones. The vertical dashed lines and the crosshatched 
bar indicate the region that supports replication. Numbers indicate the 
location of the first nucleotide of the respective deletion clones from the 
nucleotide sequence in Fig. 4.2. (b) Replication analysis of deletion clones of 
pCA29 for their ability to supply the essential replication gene. The 

replication signals result from transfection mixtures containing cosmid 64, 
pDNApol, phel, pHdN and the following additional clones: Lane 1, pCA29; 
lane 2 pCA29S/ X64, lane 3 pCA29tIII; lane 4, pCA29Bam.6A; lane 5, 
pCA29BamA and pCA29tM; lane 6, pCA29S/X Nat& The size of linearized 
pHdN (in kb) is indicated to the left of the blot. 
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stimulatory for DNA replication. Alternatively, the additional 117 
basepairs contained in pCA29S/X6, may contain transcriptional regulatory 
sequences important for the expression of lef-3. To determine if ORF 68 
stimulates replication, pCA29BamA, which contains the complete ORF 68 
was cotransfected with pCA29tIII in the replication assay. No stimulation 
was observed (Fig. 4.3b, lane 5 versus lane 3), suggesting that the additional 
117 basepairs contained in pCA29S/XA are important for the regulation of 
lef-3 expression, and that ORF 68 does not have a stimulatory role. The 
deletion clone pCA29S/XNarA, which contains an internal deletion of a 380 

by Nan fragment in the lef-3 gene but retains the entire ORF 68 (Fig. 4.3a), 
was not able to transactivate replication of the reporter gene (Fig. 4.3b, lane 
6). Taken together, these data indicate that lef-3 is the essential replication 
gene and a transcriptional regulatory element is likely contained within the 
pCA29S/XA clone but not on the pCA29t1II deletion done. 

Northern blot analysis of lef-3 expression 

To examine the temporal regulation of lef-3 transcription, Northern 
blot analyses were carried out. A deletion done of the 2.4 kb Hind1.II-Xhol 
fragment, pCA29AtIV/EagA, was linearized with Narl, and a labeled 
strand-specific probe complementary to an internal portion of the lef-3 
transcript was synthesized with 17 RNA polymerase (Fig. 4.4a). The labeled 
cRNA was hybridized to Northern blots of total RNA isolated from 
OpMNPV-infected Ld-652Y cells (m.o.i. of 10) at various times post 
infection. OpMNPV lef-3 can be classified as an early gene since expression 
of the major virus-specific transcript of 1.7 kb was first detected by three 
hours post infection (Fig. 4.4b), well before the onset of DNA replication 
around 12-18 hr p. i. (Bradford et al, 1990). The steady-state levels of this 
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Fig. 4.4 Northern blot analysis of OpMNPV lef-3 transcripts. (a) Map of 
pCA29 with a schematic representation of lef-3 (open arrow) and the 
deletion clone pCA29AtIV/EagA (numbers indicate the deletion junctions 
from Fig. 4.2) used to generate a strand-specific cRNA transcript (plain 
arrow). (b) Total RNA was extracted from Ld-652Y cells either mock-
infected (M) or infected with OpMNPV at a m.o.i. of 10, at the hrs p. i. 
indicated above the lanes. The locations of marker DNA (kb) are shown to 
the left of the blot and the size (in kb) and location of a major early and a 
minor late band corresponding to lef-3 transcripts are indicated by arrows 
on the right. 
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transcript increased up to 12 hr p. i., remained high until 18 hr p. i. and 
declined thereafter. By 60 hr p.i., only minimal transcript levels could be 
detected (Fig. 4.4b). This temporal pattern of regulation marked by a peak of 
expression at about 18-24 hr p.i., followed by a decline with only minimal 
transcript levels detectable by 60 hr p.i. resembles that of OpMNPV lef-1, 
except that expression of lef-1 is delayed by about three hours (Ahrens and 
Rohrmann, 1995). 

A faint late transcript of approximately 3.0 kb could first be detected 
concomitant with the time of the onset of DNA replication around 12 hr 
p.i., and the steady-state levels of this transcript increased until 36 hr p. 
and decreased thereafter (Fig. 4.4b). 

Transcriptional mapping of the 5' and 3' ends of OpMNPV lef-3 
transcripts 

With the exception of the ie-1 genes of both OpMNPV and AcMNPV, 
baculovirus messenger RNAs are not spliced. Therefore, both the 5' and 3' 
termini of the lef-3 transcript were mapped by Si nuclease protection assays 
with RNA's from selected time points of the time course of infection. We 
performed S1 nuclease protection assays on RNA from one time point 
where only the early transcript (6 hr p.i.), and one time point where both 
early and late transcripts were expressed (24 hr p.i.). A 682 by 5' end-labeled 
Taql restriction enzyme fragment, covering sequences downstream of the 
ATG of lef-3 and extending to nucleotide 637 of the sequence shown in Fig. 
4.2 (Fig. 4.5a), protected fragments 551-555 nt in length for both the 6 hr and 
the 24 hr time point (Fig. 4.5b). The transcriptional initiation sites of the 
early lef-3 transcript therefore map to nucleotides 766-770, indicated by 
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Fig. 4.5 Mapping of the 5' and 3' ends of lef-3 by SI nuclease protection 
assays. (a) Schematic representation of the DNA fragments used to map the 
5' and 3' ends of the 14-3 transcript. The asterisks indicate the position of 
the label on the complementary strand of the respective DNA fragment. (b) 
Autoradiogram showing the results of Si nuclease protection assays 
mapping the mRNA start sites of lef-3 using RNA from mock-infected cells 
(M) or RNA extracted 6 hr and 24 hr post infection hybridized to a 5' end-
labeled 682 by Taql fragment. The sequence ladder for sizing of the 
protected fragments was generated with bacteriophage M13mp18 DNA 
using the M13 (-40) sequencing primer. Major protected fragments are 
indicated by arrows and numbers correspond to the size of the protected 
fragments; the location of the probe is also shown (P). (c) Mapping of the 3' 
end of the lef-3 message. Autoradiogram with the results of Si nuclease 
protection assays using RNA from mock-infected cells (M) or RNA extracted 
24 hr and 48 hr post infection hybridized to a 3' end-labeled 424 nt BamHI 
fragment (P). See Fig. 4.2 for the location of the transcriptional initiation 
and termination sites of lef-3. 
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asterisks in the sequence shown in Fig. 4.2. This transcriptional initiation 
site maps to approximately 280 nt upstream of the initiation codon of lef-3 
and is located about 25 nt downstream of a TAAATA sequence which is 
contained within pCA29S/XA, but not in pCA29tIII (Fig. 4.2, dashed line). 
These data could explain the minimal level of transactivation of replication 
by pCA29tIII compared to pCA29S/XA (Fig. 4.3b), because pCA29tIII lacks this 

putative promoter which may be important for efficient transcription of 
lef-3. An unusually long RNA leader sequence of similar length has been 
described for AcivINPV lef-3, which is also expressed as an early gene (Li et 
al, 1993b). There is no late promoter consensus motif (A/G/T)/TAAG 
present in the sequenced region upstream of the lef-3 initiation codon 
which could serve as the late transcription initiation site and account for the 
late transcript of approximately 3 kb we detected. 

The 3' end of the major lef-3 transcript was mapped using a 424 by 3' 
end-labeled BamHI fragment, which extended into sequences from the 
plasmid vector pKS- (Fig. 4.5 a). Using RNA extracted 24 and 48 hr after 
infection, fragments approximately 328-332 nt in size were protected (see 
arrow, Fig. 4.5d), thereby mapping the 3' end of the lef-3 transcripts to 
nucleotides 2309-2313 (indicated by dots above the sequence in Fig. 4.2). The 
3' end of the lef-3 transcripts thus map to about 25 nt downstream of a 

polyadenylation signal (AATAAA), which is located approximately 120 nt 
downstream of the lef-3 stop codon (Fig. 4.2). Taken together, the data for 
the 5' and 3' mapping of lef-3 predict a major early transcript of 
approximately 1.55 kb (not including a poly A tail), which is in good 
agreement with the transcript size of 1.7 kb detected by Northern analysis. 
We did not further attempt to map the late transcript of approximately 3 kb. 
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Database search 

All available databases were searched with the predicted amino acid 
sequence of OpMNPV lef-3 (373 amino acids, 42.6 kDa) using the BLAST 
(Altschul, 1990) network service of the National Center for Biotechnology 
Information and the FASTA (Pearson, 1988) program from the suite of 
sequence analysis software of the Genetics Computer Group in Wisconsin 
(Devereux et al, 1984) (Version 7.2-UNIX, 1992). No significant homology 
other than with AcMNPV LEF-3 (385 amino acids, 44.5 kDa) was detected, 
and alignment of OpMNPV and AcMNPV LEF-3 proteins with GCG's GAP 
program revealed 63.4% amino acid sequence similarity and 41% amino 
acid sequence identity over a stretch of 376 amino acids (Fig. 4.6). In the 
amino-terminal region of both OpMNPV and AcMNPV LEF-3, a pattern of 
amino acids similar to a motif found in a number of single-stranded DNA 
binding proteins (SSBs) is present. This motif consists of conserved 
aromatic and basic amino acids separated by a variable number of unrelated 
residues (Wang and Hall, 1990) (Fig. 4.6, bold, underlined letters). 
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Fig. 4.6 Alignment of the predicted protein sequences of OpMNPV and 
AcMNPV LEF-3. Alignments were generated with the GAP program of the 
GCG package of sequence analysis software (Devereux et al, 1984) (Version 
7.2-UNIX, 1992). A pattern of amino acids similar to a motif found in a 
number of single-stranded DNA binding proteins (SSBs) (Wang and Hall, 
1990; Kool et al, 1994b) is conserved in both LEF-3 proteins, and is indicated 
by bold, underlined letters. 
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Discussion 

In this report, we describe the identification, nucleotide sequence, and 
transcriptional mapping of OpMNPV lef-3, the fourth gene identified as 
being essential for OpMNPV DNA replication, beside the DNA polymerase 
gene (Pearson et al, 1993), lef-1, and the helicase gene (Ahrens and 
Rohrmann, 1995). It is homologous to AcMNPV lef-3, a gene that was 
initially identified as being involved in late and very late gene expression 
(Li et al, 1993b). Since late gene expression is dependent upon DNA 
replication and is not observed when DNA replication is blocked (e.g. by 
aphidicolin), the assay of Li et al could not distinguish between lef-3 as 
being involved in DNA replication and thereby indirectly affecting late gene 
expression, or being directly involved in regulating late gene expression. 
However, subsequently it has been shown that AcMNPV lef-3 was one of 
six genes essential for DNA replication (Kool et al, 1994b; Lu and Miller, 
1995). 

Similar to AcMNPV lef-3 , OpMNPV lef-3 can be classified as an 
early gene since expression of the major 1.7 kb transcript was first detected by 
three hours post infection. S1 nuclease mapping data revealed that the 
OpMNPV lef-3 transcript has a long RNA leader sequence (approximately 
280 nucleotides), and that the transcriptional initiation sites map about 25 nt 
downstream of a putative early promoter. Although the S1 nuclease 
protocol does not rule out the presence of splicing, spliced transcripts are 
rare in baculoviruses and have only been reported for the ie-1 gene 
(Chisholm and Henner, 1988). In addition, primer extension analyses 
indicate that AcMNPV lef-3 has a leader sequence of similar length (Li et al, 
1993b). In comparison to OpMNPV lef-1, where a minor late transcript 
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initiates from within a late promoter consensus motif approximately 150 
nucleotides upstream of the ATG (Ahrens and Rohrmann, 1995), there is no 
late promoter consensus motif present in the sequenced region upstream of 
the initiation codon of lef-3. We did not further attempt to map the faint 
late transcript. 

Recently, Hang et al (Hang and Guarino, 1994) have presented 
biochemical evidence that suggests that AcMNPV 14-3 may encode a 
single-stranded DNA binding protein (SSB). They purified a protein of 43 
kDa from nuclear extracts of AcMNPV-infected S. frugiperda cells that 
selectively bound to a single-stranded DNA agarose column with high 
affinity and only eluted at salt concentrations greater than 0.9 M. This 
infection-specific protein has a molecular weight similar to the predicted 
gene product of AcMNPV lef-3 (44.5 kDa), and antiserum raised against this 

factor was able to immunoprecipitate a protein of equal size (43 kDa) from 
in vitro translated lef-3 RNA. In addition, they report that this protein 
shares many of the characteristics of SSBs, such as preference for binding 
single-stranded DNA, cooperative binding to DNA, and lack of sequence 
specificity. 

A motif associated with a number of SSBs that consists of conserved 
aromatic and basic amino acids separated by a variable number of unrelated 
residues has been described (Wang and Hall, 1990; Kool et al, 1994b). Both 
the predicted OpMNPV and AcMNPV LEF-3 proteins contain a conserved 
pattern of amino acids (K-X03-K-X08-10-Y-X14-Y-X06-F-X00-K-X-13-F/Y-X03-K) 

similar to this SSB motif in their amino-terminal regions. Moreover, this 
conserved motif is located within a stretch of about eighty amino acids 
(extending ten amino acids to either side of the SSB motif) exhibiting the 
highest homology over the entire length of the alignment (82% amino acid 
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similarity and 56% amino acid identity), indicating that this region may be  
important for LEF-3 function. 

SSBs are essential components in a number of replication systems 
(Chase, 1986; Kornberg and Baker, 1992), including those of herpesviruses 

(Weller, 1983) and adenoviruses (Challberg and Kelly, 1989; Stillman, 1989). 

They contribute to the opening and unwinding of duplex DNA at an origin 
of replication in a supercoiled DNA molecule at temperatures well below 
the normal Tm. They also sustain unwinding of duplex DNA by helicase 
actions at replication forks and may influence the activity of other 
replication proteins (Kornberg and Baker, 1992). 

Therefore, genetic evidence that lef-3 is essential for DNA replication 
in two baculovirus systems (Kool et al and this report) may be due to its 
behavior as an SSB in baculovirus DNA replication. 
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Abstract 

A transient DNA replication assay was used to identify genes located 
within m.u. 90.5-7.0 of the Orgyia pseudotsugata multinucleocapsid nuclear 
polyhedrosis virus (OpMNPV) genome that influenced replication of a 
reporter plasmid containing an OpMNPV origin of replication, when 
cotransfected into uninfected Lyman tria dispar cells. The viral 
transactivator ie-1 and a 2.4 kb subclone were found to be essential for 
replication. The 2.4 kb region was sequenced and open reading frames were 
identified. Replication assays using subclones from this region identified a 
gene called late expression factor 2 (14-2), as the essential replication gene. 
The OpMNPV lef-2 gene encodes a protein with a predicted molecular 
weight of 22.7 kDa (204 amino acids) and exhibits 54.7% amino acid sequence 

identity with its homolog in the genome of the Autographa californica 
MNPV. Transcriptional mapping using both Northern blot and S1 nuclease 
protection assays demonstrated that OpMNPV 14-2 was expressed at both 
early and late times post infection as a transcript of about 1.6 kb. The early 
transcript initiated approximately 30 nt downstream of a TAATA box, 
whereas the late transcript initiated from within a late promoter consensus 
motif. In addition, we identified three genes stimulatory for DNA 
replication including two OpMNPV transcriptional activators (ie-2 and ie-
3) and Op-iap, which is the functional analog of the AcMNPV p35 gene 
that inhibits apoptosis in AcMNPV-infected Spodoptera frugiperda cells. 
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Introduction 

Baculoviruses have large, covalently dosed, circular, double-stranded 
DNA genomes of 88 to over 166 kb depending on the virus strain (Blissard 
and Rohrmann, 1990). Although they have achieved widespread use as 
expression vectors, little is known about how they replicate their DNA. 
Recently, putative origins of DNA replication have been identified in 
several baculoviruses. In two of these, the Autographa californica 
multinucleocapsid nuclear polyhedrosis virus (AcMNPV) and the Orgyia 
pseudotsugata MNPV (OpMNPV), multiple putative replication origins 
have been identified that are composed of either unique or repeated DNA 
(Pearson et al, 1993; Leisy and Rohrmann, 1993; Kool et al, 1993b; Ahrens et 

al, 1995b). Despite the fact that the genomes of these two viruses are of 
similar size and large portions of the genomes show a colinear pattern of 
organization of homologous genes (Leisy et al, 1984), these putative 
replication origins demonstrate limited sequence homology. In addition, 
plasmids containing a putative origin from one of these viruses are 
replicated only very poorly in cells infected with the heterologous virus 
(Pearson et g, 1993; Ahrens et al, 1995b). This suggests that, although the 
viruses have genomes of similar structure and organization, the DNA 
replication apparatus of these two viruses is highly specific. 

In order to characterize the factors which govern the specificity of the 
baculovirus replication apparatus, we have employed transient replication 
assay protocols to identify genes required for baculovirus DNA replication. 
Using this strategy, a set of six essential and three stimulatory genes were 
identified for AcMNPV (Kool et al, 1994b). In addition, a limited subset of 
OpMNPV cosmid and plasmid clones that support replication have been 
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described and we have begun to identify and characterize the essential 
replication genes in the OpMNPV genome. We previously reported that 
the OpMNPV lef-1 (Ahrens and Rohrmann, 1995) and lef-3 genes (Ahrens 
et al, 1995a) are essential for replication of an OpMNPV origin-containing 
plasmid in uninfected Lymantria dispar cells. We have also shown that 
OpMNPV homologs of DNA polymerase and helicase genes are also 
essential in this replication assay (Pearson et al, 1993; Ahrens and 
Rohrmann, 1995). 

In this report, we describe studies using the transient replication assay 
to characterize subclones from m.u. 90.5-7.0 of the OpMNPV genome. We 
determined that two genes (ie-1 and lef-2) are essential, whereas two 
others (ie-2 and ie-3) are stimulatory for DNA replication. In addition, we 
show that another gene, Op- iap, which can substitute for ACMNPV p35 in 
blocking apoptosis in Spodoptera frugiperda cells, stimulated OpMNPV 
DNA replication. 
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Material and Methods 

Cells and Cosmids 

The L. dispar (IPLB-Ld-652Y) cell line was propagated at 27°C in 
TNM-FH medium supplemented with 10% (v/v) fetal bovine serum (FBS), 
penicillin G (50 units/m1), streptomycin (50 µg /ml, Whitaker Bioproducts), 
and fungizone (Amphotericin B, 375 ng/ml, Flow Laboratories), according 
to standard procedures (Summers and Smith, 1987). The OpMNPV cosmids 
are described in Leisy et al (Leisy et al, 1984). 

Replication assay and quantification of replication efficiency 

The replication assay was described previously (Ahrens and 
Rohrmann, 1995). The replication efficiency of the origin-containing 

reporter plasmid pHdN cotransfected with the essential replication genes 
alone or with additional stimulatory genes was quantified with a PSI-486 
Phosphorimager SI & Imagequant Workstation (Molecular Dynamics), using 

the Scanner Control SI-PDSI version 1.0 and Imagequant 4.1 software 
packages. The relative values of stimulation of DNA replication represent 
an average value of levels measured for two or more independent 
replication assays (if not indicated otherwise). 

Recombinant DNA 

Cloning protocols involved the use of pBlueScribe (pBS") or 
pBlueScript (pKS-) vectors (Stratagene, Inc.), the former modified by the 
addition of a Bg111 site in the polylinker (Gombart et al, 1989a). Clones were 
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transformed into Escherichia coil JM83 or DH5a strains according to 
standard procedures (Sambrook et al, 1989). Previously described clones 
include the following: the reporter plasmid pHdN (m.u. 8.1-11.1) and 
pDNApol (m.u. 43.9-47.0 containing the OpMNPV DNA polymerase gene) 
(Ahrens and Rohrmann, 1995), pOp5 (Ahrens et al, 1995b), phel (m.u. 62.8-
66.9 containing the helicase gene) (Ahrens et al, 1995a), and pAcJI (4.7 kb, 
m.u. 3.2-6.9), an XhoI fragment into XhoI cut pACYC (Rohrmann et al, 
1982). Subdones from the HindIII-A fragment are shown in Fig. 5.1b and 
were cloned as follows: pCA25 (11.2 kb, m.u. 90.5-99.0) and pCA24 (9.25 kb, 

m.u. 0-7.0), HindIII/EcoRI fragments into HindIII-EcoRI cut pBS-; pGR4 
(2.4 kb, m.u. 5.2-7.0), an XbaI/HindIII fragment into XbaI-HindIII cut 
pUC19; pCA11 (9.3 kb, m.u. 89.7-96.7), a Clal fragment from cosmid 47 (Leisy 

et al, 1984) into AccI cut pBS-. P0p47Sai-IE-1 (called pIE-1 in this paper) 
(Theilmann and Stewart, 1994), pIE2-E2.3 (called pIE-2 in this paper) 
(Theilmann and Stewart, 1992a), and p34SmaI (Wu et al, 1993a) were the 
gift of D. Theilmann. pOp47B /E (5.0 kb, m.u. 0-3.8), an EcoRI/BamHI 
fragment cloned into EcoRI-BamHI cut pBS was also provided by D. 
Theilmann. Several subclones of pGR4 were generated for the 
identification of ORFs essential for DNA replication from this 2.4 kb region 
and are shown in Fig. 5.3a: pCA30 (1.3 kb, m.u. 5.65-6.65 ), a Sall fragment 
into Sall cut pBS-; pCA35 (1.2 kb, m.u. 5.6-6.5), a Pvu II fragment into Smal 
cut pBS-; and pCA35SphIA,(an internal 150 by SphI deletion from pCA35). 

For the studies on genes that transactivate OpMNPV DNA replication, 
the following clones were used in addition to pIE-2 and p34SmaI: HindIII 
K (4.0 kb, m.u. 22.4-25.4), a HindIII fragment cloned into HindIII cut pBS-; 
pCA16 (1.5 kb, m.u. 22.4-23.6) and pCA18 (1.5 kb, m.u. 24.2-25.4), 
HindIII/SstI fragments cloned into HindIII-Ssa cut pBS; pCA17 (1.0 kb, 
m.u. 23.6-24.2), an SstI fragment cloned into SstI cut pBS; pOp -lap (1.4 kb, 

http:5.65-6.65
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m.u. 24.4-25.45) was a gift from Dr. Lois Miller and is described in (Birnbaum 
et al, 1994). 

P0p47Pst6.0 B105 and p0p47Pst6.0 B23 are deletion clones of 
p0p47Pst6.0, which contains ie-1 and open reading frame (ORF) 146 
(Theilmann and Stewart, 1994), and were the gift of Dr. D. Theilmann. Both 
deletion clones contain the entire ie-1 gene but retain only the amino-
terminal 107 or 21 amino acids of the 196 present in ORF 146. 

DNA sequencing and analysis 

Exonuclease Ell deletion clones (Henikoff, 1987) for DNA sequence 
determination and replication analyses were generated from pGR4 in both 
directions, and the nucleotide sequence of this 2.4 kb region was determined 

using methods described previously (Ahrens et al, 1995a). The nucleotide 
sequence and the predicted protein sequences were analyzed with the GCG 
suite of sequence analysis programs (Devereux et al, 1984), Version 7.2-
UNIX (1992). 

RNA isolation, transcriptional analysis by Northern hybridization 
and 51 nuclease mapping 

Both the isolation of total RNA from a time course of OpMNPV-
infected L. dispar cells based on a modified version (Gross and Rohrmann, 
1993) of the original protocol by Glisin et al (Glisin et al, 1974), as well as the 
transcriptional mapping of RNA's of selected time points with S1 nuclease 
(Favaloro et al, 1980) have been described previously (Ahrens and 
Rohrmann, 1995). SI nuclease protected fragments for the 5' and 3' 
mapping of lef-2 transcripts were analyzed on 5% polyacrylamide, 4.6 M 

http:24.4-25.45


137 

urea gels and visualized by autoradiography. The sequence ladder used for 
sizing the protected fragments was generated with the Sequenase Version 
1.0 17 DNA sequencing kit using bacteriophage M13mp18 DNA and the 
M13 (-40) sequencing primer (USB). 

The done used to generate a strand-specific probe for the analysis of 
the temporal expression of lef-2 was derived by cutting pCA30 with Sphi 
and religating the remaining vector-containing 3.9 kb fragment to produce 
pCA39. Labeled cRNA transcripts were generated using T3 RNA 
polymerase (Promega) and P2P1UTP from pCA39 linearized with Sstll, and 
hybridized to Northern blots of a time course of RNA isolated from infected 
cells as previously described (Ahrens and Rohrmann, 1995). 

Nudeotide sequence accession number 

The nucleotide sequence data reported in this paper will appear in the 
GSDB, DDBJ, EMBL, and NCBI nudeotide sequence databases under the 
following accession number: D50053. 
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Results 

Identification of essential replication genes within m.u. 90.5-7.0 of the 
OpMNPV genome 

We previously described a limited subset of cosmid and plasmid 
clones of the OpMNPV genome that suffice to supply all the virus-encoded 
trans-acting genes essential for DNA replication of the origin-containing 
reporter plasmid pHdN. These include cosmids 9 and 64, pDNApol and 
pHdN; Fig. 5.1a, crosshatched bars (Pearson et al, 1993; Ahrens and 
Rohrmann, 1995). Subsequently, we identified four essential OpMNPV 
DNA replication genes encoded by the plasmid or cosmid clones including 
the DNA polymerase gene (pDNApol) (Pearson et al, 1993), lef-1 (pHdN) 
(Ahrens and Rohrmann, 1995), the helicase gene (Ahrens and Rohrmann, 
1995) and lef-3 (cosmid 9) (Ahrens et al, 1995). Omission of cosmid 64 from 

a transfection mixture containing cosmid 9, pDNApol, and pHdN (which 
contains a viral cis-acting origin of replication in addition to the essential 
replication gene lef-1), results in the abrogation of the replication signal 
(Fig. 5.1c, lane 2 versus lane 1). This indicated that additional essential 
replication genes were contained on cosmid 64, which covers the region 
from m.u. 90.5-7.0 of the OpMNPV genome. 

In order to identify the essential trans-acting factors contained on 
cosmid 64, we analyzed several large subclones for their ability to supply the 
essential factors (Fig. 5.1b). Cosmid 64 could be substituted in a 
cotransfection mixture containing a limited subset of clones (cosmid 9, 
pDNApol, pHdN) by three overlapping subclones pCA25, pOpS and pCA24 
(Fig. 5.1c, lane 3) Eliminating pCA25 or pCA24 from this set of three 
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Fig. 5.1 Identification of sequences essential for OpMNPV DNA replication 
contained on the HindBI-A fragment (cosmid 64). (a) Hind III restriction 
map of the OpMNPV genome with a schematic representation of the 
previously identified subset of cosmids and plasmids (cosmid 9, 64, 
pDNApol, and pHdN; crosshatched bars), that supply all the virus-encoded 
trans-acting factors essential for replication of the origin-containing 
reporter plasmid pHdN (m.u. 8.1-11.1) (Ahrens and Rohrmann, 1995). The 
locations of previously identified essential OpMNPV DNA replication 
genes (lef-1, DNA polymerase, lef-3 and helicase) are shown and map 
units are indicated below the map. (b) Map of the HindIII-A fragment 
(m.u. 90.5-7.0) with selected restriction endonudease sites and a schematic 
representation of the subdones used to identify sequences essential for DNA 
replication within HindIII-A. Map units are shown for two subclones that 
contain essential replication genes, pIE-1 and pGR4, for a plasmid 
containing a gene stimulatory for DNA replication (pIE-2), and for pCA11. 
(c) Replication analysis of subclones of Hindi:II-A for their ability to supply 
essential replication gene(s). The replication signals result from transfection 
mixtures containing cosmid 9, pDNApol, pHdN and the following 
additional clones: Lane 1, cosmid 64; lane 2, no additional clones; lane 3, 
pCA25, pOp5, and pCA24; lane 4, pOp5 and pCA24; lane 5, pCA25 and 
pCA24; lane 6, pCA25 and pOp5; lane 7, pIE-1 and pCA24; lane 8, plE-1, 
pOp47B /E, pAcJ1, and pGR4; lane 9, pIE-1, pAcjl, and pGR4; lane 10, pIE-1, 

pOp47B /E, and pGR4; lane 11, pIE-1, pOp47B /E, and pAcJ1. Lane 12-15 show 

controls routinely included in the replication assays described in this report 
and contain the following: lane 12, uninfected L. dispar cells transfected 
with pHdN alone (shows no replication of pHdN); lane 13, DNA from 
uninfected L. dispar cells (shows no hybridization with the probe); lanes 14 
and 15, plasmid DNA mixed with uninfected cell DNA and digested with or 
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without Dpnl, respectively (shows that digestion is complete under the 
conditions used in our experiments). The number to the left of the blot 
corresponds to the size (in kb) of the hybridized band of linearized pHdN. 
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subclones resulted in the abrogation of the replication signal (Fig. 5.1c, lanes 
4, 6), whereas omission of pOp5 had no effect (Fig. 5.1c, lane 5), indicating 
that cosmid 64 contains at least two essential replication genes. When 
pCA25 was replaced by pCAll (Fig. 5.1b, m.u. 89.7-96.7), no replication signal 

was observed (data not shown), suggesting that an essential gene might be 
located near the ClaI site at m.u. 96.7, since it is the only area of HindIII A 
that was not covered with a significant overlap by the dones tested (Fig. 5.1b, 
pCA11 and pOpS both terminate at the Clal site). The viral transactivator 
gene ie-1 spans this site (Theilmann and Stewart, 1991) and a plasmid 
containing the ie-1 gene (Fig. 5.1b; pIE-1, m.u. 95.4-97.2) could substitute for 

pCA25 (Fig. 5.1c, lane 7). In addition to ie-1, pIE-1 contains all but the last 16 

carboxyl-terminal amino acids of an ORF ( Theilmann and Stewart, 1991), 
which shares 50% amino acid identity to its homolog from AcMNPV (ORF 
146) (Ayres et al, 1994) and that we have accordingly termed OpMNPV ORF 
146 (196 amino acids). Two deletion clones, pOp47Pst6.0 B105 and 
pOp47Pst6.0 B23 (see Material and Methods), which retain ie-1 expression 
but contain 107 and 21 amino acids of ORF 146, respectively, were able to 
substitute for prE-1 in supplying the essential replication gene (data not 
shown). Therefore, ie-1 is the essential gene for OpMNPV DNA 
replication contained on plE-1. 

To further localize the essential replication gene(s) on pCA24, three 
overlapping subdones, pOp47B /E, pAcJI, and pGR4 (Fig. 5.1b) were tested for 
their ability to substitute for pCA24 in the transient complementation assay. 
In combination, these subclones could substitute for pCA24 when 
cotransfected along with pIE-1, pDNApol, pHdN and cosmid 9 (Fig. 5.1c, 
lane 8). When each of these three subdones was omitted individually from 
an identical transfection mixture, we found that omission of pAcJI or pGR4 
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still resulted in replication (Fig. 5.1c, lanes 10 and 11), while omission of 
pOP47B /E almost completely abrogated the replication signal (Fig. 5.1c, lane 
9). However, the replication signal was still visible on longer exposures 
(data not shown), indicating that pOp47B /E likely contains one or more 
genes that highly stimulated OpMNPV DNA replication. When both pAcjI 
and pGR4 were left out together from a transfection mixture containing 
cosmid 9, pDNApol, pHdN and pOp47B /E, no replication was observed (see 
below). This suggested that another essential replication gene was 
contained within the region covered by both pAcJI and pGR4 (Fig. 5.1b, m.u. 
5.2-6.9). 

Controls for this and following experiments are shown in Fig. 5.1c, 
lanes 12-15 and indicate the following: uninfected L. dispar cells transfected 
with pHdN alone show no replication of pHdN (lane 12); DNA from 
uninfected L. dispar cells does not hybridize with the probe (lane 13); 
plasmid DNA mixed with uninfected cell DNA and digested with or 
without DpnI shows that digestion is complete under the conditions used 
in our experiments (lanes 14 and 15). 

In order to identify the essential replication gene(s) contained within 
pGR4, its nucleotide sequence was determined. 

Nucleotide sequence of the 5.7-7.0 m.u. region of the OpMNPV 
genome 

The 2.4 kb HindIII-XbaI insert of pGR4 was sequenced in both 
directions. The sequence from the Hind Ill site at m.u. 7.0 to the Sail site at 
m.u. 5.7 is presented in Fig. 5.2 (the sequence beyond the Sail site was 
reported in (Leisy et al, 1986) GenBank:M14885). Analysis of the sequence 
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Fig. 5.2 Nucleotide sequence of the region from Hind III (m.u. 7.0) to Sail 
(m.u. 5.7) of the OpMNPV genome. The predicted amino acid sequences for 
major ORFs are shown below the nucleotide sequence. Numbering for the 
nucleotide sequence and the predicted amino acid sequence of lef-2 is 
shown to the right of each row. The transcriptional initiation sites of 14-2 
transcripts are indicated by asterisks above the sequence. Selected restriction 
endonudease sites and late promoter consensus sequences are underlined, 
the latter are also marked by arrows (->). A sequence (TAATA) implicated 
as an promoter for early 14-2 expression is underlined with a dashed line. 
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with the GRAIL suite of sequence analysis tools (Uberbacher, 1991) indicated 
the presence of several major open reading frames. (Where possible, ORFs 
are numbered the same as their homologs in the AcMNPV genome as 
reported by (Ayres et al, 1994). When no homolog was present, the ORFs are 
named based on their size in nt.) ORFs with excellent coding potential were 
ORF 4 (146 amino adds, 16.2 kDa), ORF 5 (77 amino adds, 8.6 kDa), lef-2 
(204 amino acids, 22.7 kDa), ORF 393nt (131 amino acids, 15.0 kDa), and ORF 
189nt (63 amino adds, 7.6 kDa). Predicted polypeptides encoded by ORFs 
entirely contained on pGR4 were used to search ORFs from a colinear 
region of the AcMNPV genome (Ayres et al, 1994) with the TFASTA 
program from the GCG software package (Devereux et al, 1984). This search 
indicated the following amino add sequence identities: ORF 4, 64.4 % with 
AcMNPV ORF 4; ORF 5, 49.3% for 80 amino adds of AcMNPV ORF 5; LEF-2, 

54.7% with AcMNPV LEF-2; homologs for ORF 393nt and ORF 189nt were 
not found in the AcMNPV genome (Ayres et al, 1994). 

Identification of the ORF essential for DNA replication located within 
the Hind111-Xbal fragment 

In order to identify the ORF essential for DNA replication, several 
subdones of the 2.4 kb fragment were tested for their ability to transactivate 
replication of the reporter plasmid in the transient replication assay. The 
full length pGR4 clone supported replication when cotransfected along with 
cosmid 9, pDNApol, pIE-1 and pHdN, however to much lower levels than 
when cotransfected with Op47B/E (data not shown and Fig. 5.1c, lane 10). 
Similarly, subdone pCA30 was able to transactivate DNA replication to very 
low levels (Fig. 5.3b, lane 1; visible on longer exposures), indicating that 
neither ORF 4, ORF 393nt nor ORF 189nt (Fig. 5.3a) were essential for DNA 
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Fig. 5.3 Identification of the essential replication gene within m.u. 5.2-7.0 of 
the OpMNPV genome. a) Map of the 2.4 kb pGR4 done showing selected 
restriction endonudease sites. The location and size of major open reading 
frames (ORFs) and a selection of subdones used to identify the essential 
ORF are shown below the map. The partially-contained polyhedrin gene is 
represented by a dashed arrow. The ability of subclones to supply the 
essential replication gene is indicated by a + or - to the right of the diagram 
of each subclone. The vertical dashed lines and the crosshatched bar 
indicate the minimal region that supports replication. Numbers indicate 
the location of junctions of the subdones from the nucleotide sequence of 
this region (see Fig. 5.2). b) Analysis of subdones of pGR4 for their ability to 
supply the essential replication gene. The replication signals of transfection 
mixtures containing cosmid 9, pDNApol, pIE-1, pHdN and the following 
additional clones are shown in lanes 1-4: pCA30 (lane 1); pCA35 (lane 2); 
pCA35 and pIE-2 (lane 3); pCA35Sph0 and pIE-2 (lane 4). The size of 
linearized pHdN (in kb) is indicated at the left of the blot. 
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replication. The ability of the subclone pCA35, which contains the entire 
lef-2 gene and a partial ORF 5, to replace pGR4 (Fig. 5.3b, lane 2) indicated 
that ORF 5 was not required for DNA replication and implicated lef-2 as the 
essential gene. DNA replication was stimulated in this experiment 
approximately 20 fold when pIE -2, a subdone of the pOp47B /E done which 
contains the ie-2 gene (Fig. 5.1b, m.u. 0-1.75) (Theilmann and Stewart, 
1992a), was cotransfected along with a transfection mixture identical to that 
contained in lane 2 (Fig. 5.3b, lane 3). Finally, no DNA replication is 
observed when pCA35SphA, a clone with an internal deletion in the lef-2 
gene, was used along with the strong activator pIE -2 (Fig. 5.3b, lane 4). 
Therefore, lef-2 is the essential replication gene contained within m.u. 5.2-
7.0, and ie-2 is a strong activator of OpMNPV DNA replication. 

Northern blot analysis of lef-2 expression 

To examine the temporal regulation of 14-2 transcription, Northern 
blot analyses were carried out. A deletion done of pCA30, pCA30SphA, was 
linearized with Sstll, and a labeled strand-specific probe complementary to 
an internal portion of the lef-2 transcript was synthesized with T3 RNA 
polymerase (Fig. 5.4a). The labeled cRNA was hybridized to Northern blots 
of total RNA isolated from OpMNPV-infected Ld-652Y cells (m.o.i. of 10) at 
various times post infection. Expression of a major lef-2-specific transcript 
of approximately 1.6 kb was first detected by six (visible on longer exposures, 
data not shown) to twelve hrs post infection (Fig. 5.4b). This RNA therefore 

is classified as an early transcript since it is expressed shortly before the onset 

of DNA replication which occurs at about 12-18 hr p. i. in OpMNPV 
(Bradford et al, 1990). The steady-state levels of this transcript increased up 
to 48 hr p. i., and declined thereafter. This temporal pattern of regulation 
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Fig. 5.4. Transcriptional mapping of OpMNPV lef-2 transcripts. a) Map of 
pGR4 with a schematic representation of ief-2 (open arrow) and the 
deletion done pCA30Sph0 (numbers indicate the location of the deletion 
junction from the sequence shown in Fig. 2), used to generate a strand-
specific cRNA transcript (plain arrow). DNA fragments used to map the 5' 
and 3' ends of the lef-2 transcripts in S1 nudease protection assays are 
shown. Asterisks indicate the position of the label on the complementary 
strand of the DNA fragment. b) Northern blot analysis. Total RNA was 
extracted from Ld-652Y cells either mock-infected (M) or infected with 
OpMNPV at a m.o.i. of 10, at the hrs p. i. indicated above the lanes. The 
locations of marker DNA (kb) are shown to the left of the blot and the size 
(in kb) and location of the major band corresponding to the 14-2 transcript 
is indicated by an arrow on the right. c) S1 nuclease mapping of the 5' end 
of the 14-2 transcript. RNA from mock-infected cells (M) or RNA extracted 
18 hr and 48 hr post infection hybridized to a 5' end-labeled Ddel fragment 
were employed. The sequence ladder used for sizing of the protected 
fragments was generated with bacteriophage M13mp18 DNA using the M13 
(-40) sequencing primer. Major protected fragments are indicated by arrows 
and numbers that correspond to the size of the protected fragments. See Fig. 
2 for location of the transcriptional initiation sites of 14-2. d) S1 nudease 
mapping of the 3' end of the lef-2 transcript. RNA from mock-infected cells 
(M) or RNA extracted 18 hr, 48 hr, and 60 hr post infection (18, 48, 60) 
hybridized to a 3' end-labeled EcoRI/Narl fragment is shown. Major 
protected fragments are indicated by the arrow (see text). 
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differs from those of two other essential OpMNPV DNA replication genes, 
1ef-1 (Ahrens and Rohrmann, 1995) and 14-3 (Ahrens et al, 1995), both of 
which are expressed to higher levels early in the infection and only 
minimal transcript levels were detectable by 60 hr p. i. 

Mapping the 5' and 3' ends of OpMNPV 14-2 transcripts. 

Both the 5' and 3' termini of the lef-2 transcript were mapped by S1 
nuclease protection assays with RNA's isolated from infected cells at 
selected time points post infection. Analysis of the nucleotide sequence 
upstream of the initiation codon of lef-2 indicated the presence of a late 
promoter consensus motif (ATAAG near nt# 795, Fig. 5.2) and a putative 
early transcriptional regulatory element resembling a TATA box (at about 
nt# 740, Fig. 5.2). We therefore performed S1 nudease protection assays on 
RNA from two time points where both early and late transcripts were 
expressed (18 and 48 hr p.i.). An 1150 by 5' end-labeled Ddel restriction 
enzyme fragment, covering sequences downstream of the ATG of 14-2 and 
extending into sequences of the vector pKS (Fig. 5.4a), protected fragments 
276 and 277 nt and 297 and 298 nt in length for both time points (Fig. 5.4c). 
The transcriptional initiation sites of the early lef-2 transcripts therefore 
map to nucleotides 769 and 770, approximately 30 by downstream of a 
putative TATA box and 30 by upstream of the initiation codon of 14-2 (Fig. 
5.2, asterisks indicate transcriptional initiation sites for the early and late 
14-2 transcripts). The late initiation sites map to nucleotides 790 and 791, 
which correspond to the nudeotides AA located within a late promoter 
consensus motif ATAAG (Fig. 5.2). Consistent with the transcription from 
different early and late regulatory elements, early transcript expression 
levels were higher than those of the late transcript at 18 hours, while by 48 



158 

hours expression of the late transcript reached higher levels (Fig. 5.4c). 

The 3' end of the lef-2 transcript was mapped using two different 3' 
end-labeled restriction enzyme fragments (Fig. 5.5a). RNA extracted 18 and 
48 hr after infection protected a portion of the BstEII-EcoRI restriction 
fragment of approximately 0.9 kb (data not shown). A polyadenylation 
signal is located approximately 770 by downstream of the 3' end of lef-2 and 
890 by downstream of the BstEII site (see sequence GenBank:m14885). In 
order to precisely map the 3' end of lef-2, a 3' end-labeled NarI-EcoRI 
restriction fragment was used (Fig. 5.4a), which in addition to some 
nonspecific bands protected fragments of 225-227 nts for both 18 and 48 hr 
time points (Fig. 5.4d). A fragment of similar length is protected using RNA 
from an additional time point where only the late transcript should be 
expressed (60 hr p.i.) (Fig. 5.4d). The 3' ends of both early and late lef-2 
transcripts thus map to 21-23 nt downstream of a polyadenylation signal 
(AATAAA), that is located approximately 355 nt downstream of the Sall 
site at the end of the sequence shown in Fig. 5.2. With the exception of ie -1, 
no spliced baculovirus genes have been reported. Therefore, the data for the 
5' and 3' mapping of lef-2 predict early and late transcripts of approximately 
1.45 kb (not including a poly-A tail), which is in good agreement with the 
transcript size of 1.6 kb detected by Northern analysis. 

Database search 

All available databases were searched with the predicted amino acid 
sequence of OpMNPV lef-2 (204 amino acids, 22.7 kDa) using the BLAST 

(Altschul, 1990) network service of the National Center for Biotechnology 
Information and the FASTA (Pearson, 1988) program from the suite of 
sequence analysis software of the Genetics Computer Group in Wisconsin 



159 

Fig. 5.5 Alignment of baculovirus LEF-2 protein sequences. The alignment 
of OpMNPV, AcMNPV, and LdMNPV LEF-2 was generated with the 
PILEUP program of the GCG package of sequence analysis software 
(Devereux et al, 1984) (Version 7.2-UNIX, 1992). Identical amino acids are 
shaded. 
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(Devereux et al, 1984) (Version 7.2-UNIX, 1992). Significant homology to a 
number of baculovirus LEF-2 proteins was observed, and alignments 
performed with GCG's GAP program revealed the following amino acid 
identities to OpMNPV LEF-2: Anticarsia gemmatalis MNPV LEF-2 
(Zanotto, 1992) (the reported sequence encodes the carboxyl-terminal 106 
amino acids), 77.9%; AcMNPV LEF-2 (Ayres et al, 1994) (210 amino acids, 
23.2 kDa), 54.7%; LdMNPV LEF-2 (Bjornson and Rohrmann, 1992) (216 
amino acids, 24.1 kDa) 44.4 %. An alignment of the three full length LEF-2 
homologs generated with GCG's PILEUP program is shown in Fig. 5.5. No 
apparent motifs found in other replication proteins could be identified by 
computer analyses in the LEF-2 proteins. 

Summary of essential OpMNPV DNA replication genes and 
identification of additional genes stimulatory for DNA replication 

With the identification of ie-1 and lef-2, we demonstrate that 
OpMNPV encodes a total of six genes essential for DNA replication. These 
include: DNA polymerase, heticase, ie-1, lef-1, lef-2, and lef-3. 
Transfection of all six replication genes (lef-1 is supplied by pHdN) 
generates a weak replication signal (Fig. 5.6, lane 1). Cotransfection of ie-2 
along with the six essential genes highly stimulated DNA replication of 
both the reporter plasmid and the other plasmids (Fig. 5.6, lane 2). The 

transient DNA replication assay is therefore not origin-specific, although 
plasmids that contain putative replication origins replicate to higher levels. 
This is similar to what has been described for the AcMNPV transient 
replication assay (Kool et al, 1994a). Omission of each essential replication 
gene from this mixture of seven clones completely eliminated the 
replication signal (Fig. 5.6, lanes 3-8) (pOp5, used as the reporter plasmid in 
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Fig. 5.6 Activation of replication by ie-2 and summary of essential 
OpMNPV replication genes. The autoradiogram shows the results of 
replication assays with six essential genes and the viral activator ie-2. 
Plasmids containing two OpMNPV replication origins (pHdN and pOpS) 
(Ahrens, 1995) were used as reporter plasmids because pHdN contains lef-1 

in addition to an origin of replication. Replication signals of cotransfection 
mixtures that lack each essential replication gene are shown in lane 3-9 
(each omitted gene is indicated above the bar). The replication signal of a 
mixture lacking the ie-2 gene is shown in lane 1 (ie-2 is contained in all 
other lanes to increase the sensitivity of the assay). The sizes (in kb) of 
linearized pHdN and pOp5 are indicated at the left and the right of the blot, 
respectively. 
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the experiments shown in lanes 8 and 9, contains a second OpMNPV origin 
of replication (Ahrens et al, 1995b) and does not supply lef-1 which is 
contained on pHdN). 

During theses investigations, we also observed that other regions of 
the OpMNPV genome had the ability to stimulate DNA replication. Early 
on, we discovered that omission of cosmids 1 and 27 and of cosmids 1 and 
13 from a cotransfection mixture containing all eight overlapping cosmid 
clones and pHdN resulted in reduced levels of replication of the reporter 
gene. These data suggested that a gene(s) stimulatory for DNA replication 
was contained within the region of the OpMNPV genome covered by 
cosmids 1 and 13 (Fig. 5.1a, HindIII-S to HindIII-K, m.u. 12.8-25.4). We 
subsequently determined that the HindEI-K region (Fig. 5.7a, m.u. 22.4-25.4) 

was responsible for this stimulation of DNA replication (Fig. 5.7b, lane 1). 
The replication levels of pHdN cotransfected with the six essential genes 
were stimulated on average 3-4 fold in a number of experiments by the 
addition of HindIII-K, as evidenced by quantification of the relative 
replication levels with a phosphorimager (data not shown). Subclones of 
HindIII-K were tested for their ability to replace HindlII-K in a transfection 
mixture containing the six essential OpMNPV replication genes. Neither 
pCA16, pCA17, nor pCA18 (Fig. 5.7a) were able to stimulate DNA replication 
(Fig. 5.7b, lanes 2-4). However, pOp-iap, a clone containing a functional 
analog of the AcMNPV p35 gene, which inhibits apoptosis in AcMNPV-
infected S. frugiperda cells, was able to replace HindIII K in stimulating 
DNA replication of pHdN (Fig. 5.7b, lane 5). 

As mentioned above, the experiments shown in Fig. 5.3c had 
identified ie-2 as a strong stimulator of DNA replication. Ie-2 was initially 
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Fig. 5.7. Identification of additional genes that stimulate OpMNPV DNA 
replication. (a) HindIII map of the OpMNPV genome showing the 
location of the six essential replication genes. The HindIII fragments -K 
and -A which contain genes that activate DNA replication and a variety of 
subdones used to identify these stimulatory genes (represented by arrows) 
are shown at a larger scale. b) Analysis of activation by subclones of the 
Hind III -K region. Each lane shows the results of transfection with 
plasmids containing the six essential replication genes (pDNApol, phel, pIE-

1, pHdN, pCA35, pCA29) and an additional clone derived from the HindIII 
K region, indicated above each lane. Lane 1, HindIII K; lane 2, pCA16; lane 
3, pCA17; lane 4, pCA18; lane 5, pOp-iap. c) Effects of ie-3 on DNA 
replication. Lanes show the results of cotransfecting the following 
subclones of pOp47B /E along with the essential replication genes. Lane 1, 
no additional clone; lane 2, p34SmaI; lane 3, pIE-2; lane 4, pIE-2 and 
p34SmaI. The size of linearized pHdN (in kb) is shown at the left of each 
blot in b) and c). 
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tested because we had found that pOp47B /E had a strong stimulatory effect 
on DNA replication (Fig. 5.1b, lane 8 versus 9). However, in addition to ie-
2, pOp47B /E also contains ie-3 (formerly called p34, (Theilmann and 
Stewart, 1992b)) (Fig. 5.7a). OpMNPV ie-3 has been shown to transactivate 
the ie-2 promoter (Wu et al, 1993a). Furthermore, AcMNPV ie-3 was 
shown to have a modest stimulatory role in the AcMNPV replication 
system (Kool et al, 1994a). Therefore, we tested ie-2 and ie-3 individually 
and together and quantified the relative replication levels of pHdN from 
several independent replication assays with a phosphorimager. These data 
revealed that ie-3 could stimulate DNA replication on the average 
approximately 1.5-2 fold (Fig. 5.7c, lane 2 versus 1), while ie-2 was a much 
stronger activator (lane 3) and caused an average 10 fold stimulation. 
Surprisingly, addition of ie-3 to a transfection mixture containing the six 
essential replication genes and ie-2 results in a 3-4 fold inhibition of the 
strong stimulation by ie-2 (Fig. 5.7c, compare lanes 4 and 3), an effect that is 
not observed in the transient AcMNPV DNA replication assay. The six 
essential and three stimulatory genes for OpMNPV DNA replication are 
summarized in Table 4. 



Gene MW 1 Amino Function(s) Motifs 2 Essential (E) 
acids Stimulatory (S) 

DNA poi 112.6 (985) DNA Pol E 
helicase 140.5 (1222) Helicase E 
ie-1 64.3 (560) transcriptional activator SSB E 
lef-1 27.9 (243) Primase E 
lef-2 22.7 (204) E 
ief-3 42.6 (373) SSB SSB E 

ie-2 45.7 (405) transcriptional activator S 
ie-3 34.7 (307) transcriptional activator S 
Op -iapl 30.1 (268) inhibits apoptosis S 

1 Molecular weights of replication proteins are predicted with GCG's PEPTIDESORT program. 
2 Listed motifs are confined to motifs commonly found in components of replication 

systems (Kornberg, 1992). 

Table 4: OpMNPV replication genes 
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Discussion 

In this report, we have identified two genes, (lef-2 and ie-1) that are 
essential for OpMNPV DNA replication. 14-2 is homologous to AcMNPV 
Ief-2, a gene originally identified as being essential for late and very late 
transcription (Passarelli and Miller, 1993c), and which subsequently was 
shown to be essential for AcMNPV DNA replication (Kool et al, 1994a; Lu 
and Miller, 1995). OpMNPV 14-2, the first of the baculovirus 14-2 genes to 
be transcriptionally mapped, is expressed before the onset of DNA 
replication and an additional late transcript initiates from within a 
baculovirus late promoter motif (ATAAG). Late promoter motifs are also 
found upstream of the LdMNPV and AcMNPV lef-2 initiation codons 
(LdMNPV, 289 nt upstream; AcMNPV, 60 (TTAAG) and 165 nt upstream). 
The conservation of these late promoter elements suggests that 14-2 may 
have an important role in late events of the baculovirus replication cycle. 

Ie-1 encodes a major viral transactivator, is expressed both very early 
(2 hr p.i.) and late in the infection, and has been shown to upregulate its 
own expression (Theilmann and Stewart, 1991). The steady state levels of its 
gene product increase up to 120 hr p. i. (Theilmann and Stewart, 1994). It is 
homologous to AcMNPV ie-1, whose gene product has been functionally 
characterized (Kovacs et al, 1992). The N-terminal 145 amino acids of the 
polypeptide contain an acidic activation domain similar to those found in 
other transactivators like yeast GAM (Keegan et al, 1986) and GCN4 (Hope 
and Struhl, 1986), as well as VP16 (Triezenberg et al, 1988). The carboxyl-

terminal portion contains a domain involved in DNA binding and 
prediction of the secondary structure of amino acids 485 to 582 suggested it 
may fold into a helix-loop-helix -like DNA-binding motif (Kovacs et al, 
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1992). Extracts of cells transfected with AcMNPV 1E-1 have been shown to 
bind to hr sequences that function as origins of replication (Guarino and 
Dong, 1991; Leisy et al, 1995). Ie-1 could be essential for DNA replication 
because of its role in stimulating expression of the other replication genes. 
However, it could also play a role as an origin binding protein and may 
serve to nucleate the formation of the replication initiation complexes. Our 
data demonstrate that the gene product of the nonspliced ie-1 transcript is 
essential for OpMNPV DNA replication. Experiments with a larger done 
(pOp47HS -7.4, (Theilmann and Stewart, 1994)) that includes sequences 
contained on pIE-1 and additional upstream sequences to m.u. 90.5, resulted 
in a stimulation of the replication signal (data not shown). This clone 
contains the ie-O exon and may indicate that the spliced gene stimulates 
replication. 

We have also identified three genes that stimulate DNA replication. 
Both ie-2 and ie-3 have been reported to be transcriptional activators. In 

particular, OpMNPV ie-3 has been shown to transactivate the ie-2 
promoter approximately two-fold (Wu et al, 1993a). The AcMNPV ie-3 
gene has been shown to stimulate expression of the AcMNPV helicase 
gene (Lu and Carstens, 1993). 1E-3 contains a number of motifs found in 
several other eukaryotic transactivators, including a putative zinc finger 
binding domain, a glutamine-rich domain, and a leucine zipper (Wu et al, 
1993a). The stimulation of replication is modest for both OpMNPV and 
AcMNPV (Kool et al, 1994b; Lu and Miller, 1995). In the OpMNPV 
replication system, the slight (about two-fold) stimulation of replication by 
1E-3 may reflect the two-fold upregulation of the ie-2 promoter by 1E-3 (Wu 
et al, 1993a). Furthermore, in our hands 1E-3 appeared to inhibit the strong 
stimulation caused by 1E-2 by 3-4 fold. 
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In contrast to the AcMNPV replication system where p35 shows the 
highest level of stimulation, ie-2 is the strongest stimulator of OpMNPV 
DNA replication. 1E-2 has been demonstrated to upregulate expression of 
the p8.9 and ie-1 promoters and in addition has been shown to be 
autoregulatory (Theilmann and Stewart, 1992a; Wu et al, 1993b). Its gene 
product can be detected from 2 hr p. i. until 36 hr p. i. on Western blots 
(Theilmann and Stewart, 1994). Like 1E-3, 1E-2 has both zinc finger and 
leucine zipper motifs (Theilmann and Stewart, 1992a) and may directly 
activate replication genes in addition to ie-1, or may interact with cellular 
transcription factors via its leucine zipper motif and form a heterodimeric 
activator. As noted above, 1E-3 inhibits the high levels of activation of DNA 
replication by 1E-2. We have demonstrated that when expressed in yeast, 
fusions of 1E-2 and 1E-3 are capable of dieter formation (Rohrmann, 
unpublished). This suggests that their leucine zipper motifs may be 
compatible heterodimerization domains and 1E-3 may interfere with the 
ability of 1E-2 to activate transcription through this mechanism. This 
interference may even be more pronounced in vivo, since at late times 
during OpMNPV infection a truncated form (20 kDa) of the full-length 1E-3 

(34.7 kDa) is expressed by transcriptional initiation from a late promoter 
located within the full length ie-3 ORF. This 20 kDa protein retains the 
leucine zipper motif but lacks both the basic region and the zinc finger 
DNA-binding domain, does not transactivate the ie-2 promoter (Wu et al, 
1993a), and may inhibit stimulation of replication by forming a complex 
with and inactivating 1E-2. 

The third gene we identified that stimulates OpMNPV DNA 
replication is called Op-iap. Op-iap has been shown to substitute for the 
AcMNPV p35 gene in blocking apoptosis induced by infection of S. 
frugiperda cells with an AcMNPV mutant lacking the apoptosis-inhibiting 
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p35 gene (Birnbaum et al, 1994). Although Op-iap and p35 can 
functionally replace each other, they do not share sequence homology. P35 
had a strong stimulatory effect in the AcMNPV replication system in one 
study (Kool et al, 1994b), and was essential for replication in another study 
(Lu and Miller, 1995). These observations suggest that expression of one or 
more of the AcMNPV replication genes causes apoptosis in transfected S. 
frugiperda cells. If the Op-iap gene blocks apoptosis in transfected L. 
dispar cells, it suggests that the transfection and subsequent expression of 
OpMNPV replication genes has only a limited capacity to induce apoptosis 
in this cell line. 

Our analyses indicated that OpMNPV genome contains six genes 
essential for DNA replication including dna polymerase, helicase, ie-1, 
lef-1, lef-2, and lef-3. Homologs to each of the genes have been also been 
shown to be essential for AcMNPV DNA replication in a similar transient 
assay protocol (Kool et al, 1994b; Lu and Miller, 1995). However, the relative 

importance of the stimulatory genes differs in the two viral replication 
systems. We have demonstrated that three genes stimulate DNA 
replication including ie-3, ie-2 and Op-iap with ie-2 having the most 
profound stimulatory effect. In contrast, ie-2, ie-3 and p.35 and have been 
shown to be stimulatory for AcMNPV in transient DNA replication assays 
with p35 having the most profound effect (Kool et al, 1994b). Another 
gene, lef-7, has also been reported to stimulate AcMNPV DNA replication 
(Lu and Miller, 1995). A homolog to this gene was not detected with our 
OpMNPV assay, but we cannot rule out the possibility that additional 
OpMNPV genes may be stimulatory for DNA replication. 

The replication assay we employed is limited by the fact that it very 
likely does not result in the production of functional viral genomes. If the 
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viral genome replicates in a manner similar to origin-containing plasmid 
DNA, with the production of long concatemers of the genome (Leisy and 
Rohrmann, 1993), then other genes required for the resolution of these 
structures are likely present which would not have been detected by our 
replication assay. Furthermore, the assay is not origin-specific and results in 
non-specific plasmid replication. This suggests that a high degree of 
regulation is exerted when genes that are linked on a genome are expressed 
under natural infection conditions and that under these natural conditions 
a number of other genes could modulate the replication process. In 

addition, we cannot rule out the involvement of host factors in DNA 
replication. 
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CHAPTER 6: Conclusion and perspective 

Within the last several years, we have gained considerable amounts 
of information about how baculoviruses replicate their DNA. The first 
breakthrough came with the establishment of an infection-dependent 
replication assay, which led to the identification of OpMNPV sequences 
located on the Hind III-N fragment which behave as origins of DNA 
replication. Subsequently we characterized a second origin of replication 
containing repeated DNA (hr) sequences which is unrelated to the 
Hind 111-N origin, but shares limited amount of sequence homology with 
the AcMNPV hr sequences. However, in contrast to the relatively short 
and well-defined AcMNPV hr origins, both OpMNPV origins appear to be 
more complex and require significant amounts of additional sequences for 
optimal origin function. Four regions of the OpMNPV genome that 
crosshybridize with the hr-related origin also acted as origins of replication 
in our assay system, suggesting that a number of other putative origins of 
replication are present in the OpMNPV genome. The biological significance 
of the presence of multiple origin sequences in AcMNPV, OpMNPV, and 
LdMNPV is not dear at present. However, the identification of baculovirus 
origins of replication has opened numerous avenues of research. Of 
particular interest are the identification and characterization of the roles 
specific DNA sequences play in origin structure and function, the analysis of 
functional differences among hr and non hr-related origin sequences, the 
patterns of origin activity during a baculovirus infection, the 
characterization of the possible role recombination plays in baculovirus 
DNA replication, and especially the elucidation of the mechanism by which 
baculoviruses replicate their DNA. 
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Although the characterization of baculovirus origins of replication is 
not complete, their identification was pivotal for the development of 
transient DNA replication assays that led to the identification of sets of six 
essential and three stimulatory genes for both OpMNPV and AcMNPV. The 
identification of a second origin of replication from OpMNPV was 
instrumental in the identification of the essential replication gene lef-1, 
because this gene is located within the HindIII-N origin sequence and 
therefore was present on the reporter plasmid. Transcriptional mapping for 
OpMNPV late expression factors 1-3 established that the replication genes 
are transcribed as early genes before the onset of DNA replication and in 
some cases, additional expression from late promoter consensus sequences 
was observed. Recent biochemical evidence from Linda Guarino's 
laboratory suggested that AcMNPV LEF-3 may be a single-stranded DNA 
binding protein (SSB). The biochemical characterization of the other 
replication factors remains to be carried out. For some of the essential 
replication gene products, predictions about the biochemical functions can 
be made on the basis of homologies with other well-characterized 
replication factors. Both OpMNPV and AcMNPV encode DNA polymerase 
and helicase homologs that contain a number of motifs that are highly 
conserved among members of the two respective superfamilies. In analogy 
to other well-characterized replication systems, several essential replication 
factors are expected to have counterparts among the baculovirus replication 
factors. For example, a DNA polymerase normally requires a processivity 
factor that keeps the polymerase core tightly associated with the template, 
thereby preventing it from disassociating. Another essential component 
may include an origin binding protein that recognizes an origin and 
catalyzes the assembly of the replication complex. Furthermore, a primase 
involved in the synthesis of RNA primers can be expected. A motif similar 
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to that conserved among a number of primases is present in the LEF-1 
proteins. 

With the development of a transient replication assay, a number of 
avenues of research have opened. The biochemical characterization of the 
replication factors is of high priority. Site-directed mutagenesis of critical 
residues within the primase motif and the DNA polymerase and helicase 
motifs will assist in determining whether the predicted functions based on 
homology to other defined replication factors are indeed carried out by the 
respective proteins. The most powerful tool for the definition of the role(s) 
of each of the replication factors in replicating baculovirus DNA will be the 
establishment of an in vitro replication system. Such a system will allow 
us to further identify and characterize important regions and residues 
within the replication factors and to define optimal conditions required for 
baculovirus DNA replication. However, the development of such a system 
may prove to be difficult, especially if one or more host factors are involved. 
The involvement of the helicase in determining host range may be an 
indication that the helicase interacts with a specific host factor. Until an in 
vitro replication system is established, crucial information about specific 
protein-protein interactions among the essential and stimulatory 
replication factors can be provided using other approaches, such as 
cotransfection and immunoprecipitation experiments with specific antisera, 
affinity binding studies with the products of in vitro transcription-
translation reactions and immobilized replication proteins, and 
employment of the yeast two-hybrid system. 

The identification of the cis- and trans-acting sequences of both 
OpMNPV and ACMNPV has also set the stage for investigations to identify 
replication factors that are specific for either replication system. The 
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genomes of both viruses share a high degree of homology and are colinear 
over large areas. However, OpMNPV and AcMNPV origin sequences are 
replicated to only minimal levels in insect cells infected with the 
heterologous virus. Swapping experiments indicated that the ie-1, lef-1 
and helicase genes are not freely interchangeable between the replication 
systems, whereas other genes such as the DNA polymerase could be 
exchanged without a significant loss in replication efficiency. The specificity 
of DNA replication is often the consequence of specific DNA-protein and 
protein-protein interactions during the initiation of DNA replication. 
Therefore, these three gene products may be involved in specific origin 
recognition, or specifically interact with other essential replication factors or 
specific host factors that interact with the origin sequence. Preliminary data 
in support of this theory are the existence of a primase motif in the LEF-1 
proteins, the observation that AcMNPV IE-1 was shown to bind to hr 
sequences which function as origins of replication, and the involvement of 
the helicase protein in host range. Information about the specific protein-
protein interactions among the essential and stimulating replication factors 
provided by the yeast two-hybrid system, affinity binding or 
immunoprecipitation studies could be useful to design swapping 
experiments where several replication genes are exchanged simultaneously 
in order to test predictions about the interactions between replication 
factors. 

The swapping assays have also shed some light on the difference in 
the relative importance of the genes that are stimulatory for DNA 
replication in the two systems. Our results may indicate that expression of 
one or several AcMNPV replication genes may cause apoptosis, while 
expression of the OpMNPV replication genes causes no or only very limited 
amounts of apoptosis in the transfected cells. It will be of general interest to 
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determine whether the expression of one or a set of replication genes can 
induce apoptosis, or whether other mechanisms account for this 
phenomena, such as the occurrence of DNA replication not linked to the 
cell cycle. 

The growing body of literature on the involvement of PCNA in cell 
cycle regulation of DNA replication and repair, as well as the importance of 
its functional analogs for efficient E. coli lagging strand DNA replication (13 
subunit of DNA polymerase holoenzyme III) or enhancement of 
bacteriophage T4 late gene expression (gp45), warrants a more detailed 
reinvestigation of the biological function PCNA may have in AcMNPV 
biology, and whether this role is carried out by the host PCNA in 
baculoviruses such as OpMNPV that appear to lack a PCNA homolog. 

Finally, the transient replication assay we employed is limited by the 
fact that it does not result in the production of functional viral genomes. If 
the viral genome replicates in a manner similar to origin-containing 
plasmid DNA with the production of long concatemers of the genome, then 
additional genes for the resolution of these structures and genes involved 
in packaging of the newly-replicated DNA into the nudeocapsids are likely 
present. Identification of these genes will require the development of a 
different type of replication assay. 
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Appendix 1: This appendix consists of a compilation of figures for another  
publication (in preparation) entitled:  
"Specificity of OpMNPV and AcMNPV Replication Genes".  

A preliminary abstract is shown below.  

Sets of essential and stimulatory genes for baculovirus DNA 
replication have been recently described for both the Orgyia pseudotsugata 
and Autographa californica multiple nuclear polyhedrosis viruses 
(OpMNPV and AcMNPV). As a prerequisite for the identification of 
regions within the essential replication factors that could account for 
differences in virus-specific replication, the nucleotide sequences of the 
OpMNPV DNA polymerase and helicase genes were determined. 
Employing swapping experiments with the essential replication genes from 
both viruses in S. frugiperda and L. dispar insect cells, three genes were 
found to be nonreciprocally interchangeable between the replication 
systems: In contrast to OpMNPV ie-1, the AcMNPV ie-1 gene could not 
support DNA replication when cotransfected with the other essential 
OpMNPV replication genes. Conversely, OpMNPV lef-1 and helicase 
could not support replication when cotransfected with the other AcMNPV 
replication genes. The implications for virus-specific DNA replication are 
discussed. 
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Fig. A1.1 Conservation of genome organization of OpMNPV and 
AcMNPV. The locations of both essential and stimulatory genes are 
indicated by arrows on the linear representation of the Hind III restriction 
maps of both viruses, the orientation of the arrows indicates the 
transcriptional direction. The location of another stimulatory gene for 
AcMNPV, lef-7 (Lu et al, 1995), is not included in this map; a homolog of 
this gene has not been described in OpMNPV. Dashed lines indicate areas of 

crosshybridization between the two viruses. A region homologous to the 
AcMNPV HindIII-K and -Q fragments is not present in the OpMNPV 
genome. 
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2Genel MW Function(s)1 Motifs1'3 Essential(E) Amino acid 
AcMNPV/OpMNPV Stimulatory (S) identity 

DNA pol 114.3/112.6 DNA Pol E 63.1% 
helicase 143.2/140.5 Helicase E 59.1% 
ie-1 66.9/ 64.3 transcriptional activator SSB E 48.1% 

binds hr sequences a 
lef-1 30.8/ 27.9 NTPase a E 58.1% 

Primase 
lef-2 23.9/ 22.7 E 54.7% 
lef-3 44.6/ 42.6 SSB SSB E 41.5% 

p35 a 34.8/ - inhibits apoptosis a S -
transcriptional activator 

Op iapl 4 33.3 / 30.1 inhibits apoptosis b S 28.4% 
ie-2 47.0/ 45.7 transcriptional activator S 38.8% 
ie-3 37.4/ 34.7 transcriptional activator S 37.1% 
lef-7 5 26.6/ - SSB S -

1 Genes, functions or motifs that are specific/restricted to either virus are indicated by a/ b for AcMNPV/OpMNPV 
2 Molecular weights of predicted AcMNPV proteins are from (Ayres et al., 1994).  
3 Listed motifs are confined to motifs commonly found in components of replication systems (Kornberg, 1992).  
4 An AcMNPV homolog (Ac iapl) has been reported but is nonfunctional in preventing apoptosis (Crook, 1993).  
5 A homolog of the AcMNPV lef-7 gene has not yet been identified in OpMNPV.  

Fig. A1.2 (Table 5: Summary of AcMNPV/OpMNPV replication genes) 
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Fig. A1.3. Nucleotide sequence of the 47.0-44.2 m.u. region of the OpMNPV 
genome. The predicted amino acid sequence of the DNA polymerase is 
indicated below the sequence and numbering for nucleic acid and protein 
sequences is shown at the right. The XhoI restriction enzyme site (m.u. 
47.0) is indicated above the sequence. 



Sall 
k. , es, se e' GCGCGTITGCAAAA. V' v e . re e v. e 120 

CTGCI'GCATG v ee e re '115 V v, GCCAACTGITGCGGCGC;CGGCTGOGGGGCTGCGGCGGCTGCTGCGG 240 
CGGCMCGGC ere e e e e es see e ee re eer eer e see e GGCGGTIGTIGGGGCCANTIGGCCATA 360 
GGGGTAGAAGGGITGMGC e se e . r es r is v. v. e e GTGG'IGTIGCGGCCCGTCAGGTCGGAAAAAAACTGCAC 480 
GATTAGCGCC re r se e e e r e v CGCTCCAGCGCCTTGATrCG 600 
CGCGCTCATGGAATTGATTGTGC ee . V. e GITTCGCGACTACGCGCCGCGCGACTTTGCGGIG 720M K I L T Y N Q L Q E A F R D Y A P R D F A V 23 
TCGCGCGACGACGCGTTTCGCGTGATGC v. . ree r se r GCAACTGGGCGGGC e v 840S R D D A F R V M R I Y Y N E G G G N L V A F C N A Q L G G R L A O F Y F VMK 63 

ATGGACTTGTATICGTACAAACC CACGTGCCGCAACCGCTGCTCTAGCTACAACACGTTIGTGGCGC e e v o 960MD L Y S Y K P CHNSHIF A T CRNRCS S YNTF VAP GVKNVYMDK 103 

e se e e , e e CGTGATTGAAGGCACG 1080I N V I K F K R N G S SF GEK TMALDKF LHNANRVHMQ T P VIE G T 143 
ee r e . r eee TGGACCCCTCCACGCTGACG 1200Y L RF RR AQRC R N N C V A D D ARP F A L E R F S D D F E V L D P S T L T 183 

ACCAACATCGCGCCCGTGATGGCGIGCTACGACATTGAAAC e see ee e CGTGITCAAGAACGAC 1320 
D E TT N I A P IIE T H S D G H N S S K P E C D V I M C I G L A V F K N D 223 

e eC v, Ilhe' e GCAAGCTAGCGACGACAC v. e e V . , . et. v Ase 1440R F E K V C F V Y H S EAVE I P QASDD T YVVVF NNEN HM I T A F FE 263 
TTITTGAAAACCGTCAACC V se roe see r V " e " GCTGCTGCGGCGGTACGACCTGCCG 1560F L K TVNPDVI L D Y N G D D L L P Y I R G R L K G D K P L L R R Y D LP 303 
GCTATGCAGCCAAACACCAAGCTGITCATCACCAAAATIGGCAACCGGAC V' V' v, . e e CAACAAG 1680AMQPN T K L F I T K IGNR TD T Y Y F N Y Y I H I D L Y Y K YF GVDANK 343 
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C se es v. v. e e e e e vet. . ..e ve TA 1800RD VENF Q L N TLSQY Y L GDAK VD LNWQ TMVEMYNNKQL G T I 383 
A v es r. v e e CGACGATITTAMTGC 1920 
I  K Y N V 

e 
Q D C L L P I R 

ee 
L FN K L K L T D F M Y S Q C I M Y R L C T D D F I C 423 

C-TGACCAACACGCGCGCGGACCCCGCCACCGGCCTCACCGTGICCGACC v v e 2040 
SN I H L IS S TFFHLAL TN TRADP A T G L TVSDP Y F FNKDDLG 463 

CTGATGICGA GCAAAGGAAG CGCCGGTITGACAACGGGCATGTCGCGCCTGCGTCGCAGGCGCATACCGCTGAAGGATGTGCCCGCCACCGCCATACGCTIGGGCGCCATCGACGAAAACLMSSK GSAGL T TGMSRLRRRRIP LKDVP A TA I R L GAIDEN 2160 
503 

G v. ee see . es es, e e v w. v. IP 15. 2280VK YE GGKVLQPRAGVYEF AF S L D F N S L Y L T I M I D I C A C L T 543 
se v. ay, v e e e e e e e e e 2400. 

N E K LILC DGNVYLNQD QAINVQLLLQLLKQRSELKKCRDS 583 
se v. v . e e se e v. e v v e 2520T E S E F L YDL yDQMQNL SKR TAN S I YGYYGIF C K LLANHI 623 

e e foe e ee e e se . e se V IP e 2640TRVGREKL TAAIGTVEGLSNDPDL L R E F G L S T L T F K V L Y G 663 

GACACCGACTCGACGITIGTGCTGCCCGTGTrIAGGCGCGAGGAAATCCCOGAAGAGGGCCGCATGGC se v e v. *e. 2760D T D S A T TL GRICAAVEARVNGLF 703 
ACCAACGGIT es v.TNGYKMAFENLMSVL IL LKKKK Y C Y I NNNNK IVFKGWLVK 2880 

743 
AAGGACATGC es e e e es ' e v M. v. e e v v 3000K DMPVFM RVAFRAAIEQVLRHQD LDSLK ANMLMyLDL S K  C 783 
GCGITCGGCATTACCAAGC v. . se e e se SO GGACGACGACGAGGCGGCGCCOCCGAAGCGGCGCGTCATCACC 3120A F GI TKP L T D S F S M T Y ND G A G K T A A D D D E A A P P K R R V I T 823 
GTCGC e e GGACTITGTGCCCGGCAACGGCGACCGGATTC v. e v e . se AT 3240ARHCRE I LVNK ATDF VP GNGDR IP YVLLDMQGVV TQK AY 863 

Fig. A1.3 continued 



Ce e ew . e e e w V. r e r. v eee e e 3360P LRLFDAQTMRISWLKHMT I L N T F M N E L L E I F G D E H K D A L 903 
. . . . .. . . 

v e e v GCTGGTCAAAATCGCCACGAAACGAAAGGCGCC.CAGCGCGAGCGACGCGTCC 3480r e 
943AE C Y SAILEK YMQHQAYDKKRAALVK IA TKRK AP S ASD AS e r e eor. 3600GGCAAACGCGCGCGCAAAGGGGCGOCGCCCAGCGACGACGAGAGCGGCMCAGCGAGGACGAAGACGC
983GKRARKGAAP SDDE S G S SEDED AP CEPK CANN TFKFCL Y K 

GCACAATAA 3609 
A Q 985 

Fig. A1.3 continued 
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Fig. A1.4 Alignment of OpMNPV and AcMNPV DNA polymerase proteins. 
The predicted polypeptide of the AcMNPV DNA polymerase gene reported 
by Ayres et al (1994) was used to generate this alignment using GCG's GAP 
program. The proteins exhibit 77.2% amino acid similarity and 63.1% 
amino acid identity. 



217 

OpPOL  1- MKILTYNQWEAFRDYA-PRDFAVSRDDAFRVMRIYYNEGGGNLVAFCNAQLGGRLAQFY - 59  
1 I :II -1 I 11:-I:.1:1 .1 1.1111.4: :I: III AcPOL  1- MKIYPYNELKTRFAEYAKPGEFNITSADTFRIIRLHYDEKOGCLFAFCNTNIKERVLOFY  60  

OpPOL  60- FVMKMDLYSYKPCHNSHIFATCRNRCSSYNTFVAPGVKNVYMDKINVIKFKRNGSSFGEK -119  
:1::11111.1.:.111:.111:1 11.1111111.. 1::111111:.11  

AcPOL  61- FKVKINLYSYKQCYDKHIFPSCRNKCISYTTFVAPGVEGNYLNKINVIKYERNKAAPSDN -120  

OpPOL 120- Ti4ALDKFLIENANRVRMQTPVIEGTYLRFFtRAQRCRNNCVAD-DARPFALERFSDDFEVLD  
-178  

.  .1111111.11111111.:11.1:11::.111.11:):: ..1 1.1::I.:111::1 
AcPOL 121- AACLDKFLHNVNRVHMOTPFVEGAYMRFKKTORCQNNYVGGSTTRMFNLOHFNEDFELVD  

-180  

OpPOL 179- PSTLITNIAPVMACYDIETHSDGHNSSKPECDVIMCIGLAVFKNDRFEKVCFVYHSEAVE  
-238  

.  111..1 11:.111111111111 11:..1.11:11:.1:111 :.1.11:11.  
AcPOL 181- EMTLTSGIMPVLSCYDIETHSDGRNMSKASVDCIMSIGFVVYKNDEYAKFCFMYHKLPTO  

-240  

OpPOL 239- IPQA-SDDTYVVVFNNENHMITAFFEFLKTVNPDVILDYNGDVFDLPYIRGRLKGDKPLL  
-297  

.111111:1.11 .111111:::1..1111111:1111111111 III. .1 II AcPOL 241- IPETYDDDTYVVMFQNEIDMITAFFDMIKITNPDVILDFNGDVFDLPYILGRLNKTKM1L  
-300  

OpPOL 298- RRYDLPAMOPNTKIFITKIGNRTDTYYFNYYIHIDLYKYFGVDANKRDVENFQLNTLSIDY  
-357  

.1.11ill.1:11:.IIIIIIIIIIIIIll:I: 1.1.:.11111111:1  t AcPOL 301- KRYDLPAAAPTTKLFINKLGNKVDTYYFNYYIHIDLYKFFSSDSNQHKVENFQLNTISSY  
-360  

OpPOL 358- YLGDAKVIDLNWQTMVEMYNNKOLGTIIKYNVQDCLLFIRLFNKLKLTDFMYSQCIMYRLC  
-417  

111:.1:11  1  .11.111.:.1:.1 1111111:111:11 111:.1 :1111i:.111 
AcPOL 361- YLGENKIDLPWTEMVXMYNTRRIDVIAKYNVQDCMIPIKIFVKIKMADSVYSQCILHRIC  

-420  

OpPOL 418- TDDFICNISHLISSTFFHLALTNTRADPATGLTVSDPYFFNKDDLGLMSSKGSAG-LTTG  
-476  

111.111111111 .  I. 1:1111 :..11 . .111i111:11:::1:. .1: ..1 AcPOL 421- TDDVICNISHLISVACFYAAITNTRINESTGKEEPDPYFFNKNDLSIISGQFKADKAAAG  
-480  

OpPOL 477- MSRLRRRRIPLKDVPATAIRLGAIDENVKYEGGKVLQPRAGVYEFAFSLDFNSLYLTIMI  
-536  

:1.1:1: 1111::1 .11.11: ::.111.11111.1111:I. 111111111111111  
AcPOL 481- ISNLKRKLIPLKNIPKDAINLGPANOTVKYKGGKVIKPRAGIYKNAFSLDFNSLYLTIMI  -540  

OpPOL 537- DICACLTNIILCEDGNVYLNQDKOIAINVQLLLOLLKQRSELKKCRDSOTESEFLYDLYDO  -596  
.11111.1111111111111::..11 1.111.II.:1:.:11 11.1.11.11111111 

AcPOL 541- AICACLSNLILCEDGNVYLNHNSRAIVVKLLLKLLSERCKFKKNRDNQSESAFLYDLYDQ  
-600  

OpPOL 597- MQNISKRTANSIYGYYGIFCKLLANHITRVGREKLTAAIGTVEGLSNDPDLLREFGLSTL  -656  
.11  11111111111111:1:111.111111:.I  II: :IIIIIII::I .1.1:.: AcPOL 601- KONSVXRTANSIYGYYGIFYKVLANYITRVGRNQLRIAISLIEGISNDPEILEKFNLGSI  

-660  

OpPOL 657- TFKVLYGDTDSTFVLPVFRREEIPEEGRMATIGRICAAVEARVNGLFTNGYKMAFENLMS  
-716  

1111:11111111111.1. :11.:I.  .11 .11. 11.111. 11:1111111111. 
AcPOL 661- TFKVVYGDTDSTFVIPTFNYNEISNET--DTLKOICTHVETRVNNSFTDGYXMAFENLMK  

-718  

Fig. A1.4 

http:1::111111:.11
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OpPOL 717- VLILLICKICECYCYINNNNIC.IVFKGWLVKICDMPVFMRVAFRAAIEQVLAHODLSKCLDSLICA -776  

111111111111:1-:1111:11111111111111:111-1:11:111 1:-111:11-- 
AcPOL 719- VLILLICICKKYCYLNSENICIVYKGWLVICKDMPVFMRIAFRTAVEQILRELDMDKCLQSLQT -778  

OpPOL 777- NM.LMYLDAEGITKPLTDYSFSMTY14DGAGK--TAADDDEAAPPKRRVITVARIICREILVN -834  
-: 1-11: -1111111111111.:11  11:1::111111111111111111  

AcPOL 779- SFYEYYDEFAICSKSLTDYSFSMTYNDNPGKICRICSTDDNEGPSPKARVITVARHCREILVN -838  

OpPOL 835- KATDFVPGNGDRIPYVLLDMQGVVTQICAYPLRLFDAQTMRISWLICHMTILNTFMNELLEI -894  
1:1111111111111:1:1::1 11:111111111: .11111:111.11 111111111  

AcPOL 839- KGTDFVP GNGDRI P Y LLID I EGKVTEKAYP L RLFDPVXMRI SWI KHMGI LCTFMNEL LE I -898  

OpPOL 895- FGDERKDALAECYSAILEKYMMAYDKEPAALVKIATKRICAPSASDASGKRARKGAAPS -954  
1111:11 :I.1:.11::1111:1 11:1 :.1111. I: .1.11  1  

AcPOL 899- FGDEQKDKIAKCFTAIMQKYMQNQLYDRKEPVLVKINQKK  CSVKRKRDDDDDN -951  

OpPOL 955- DDESGSSEDEDAPCEPKCANNTFKFCLYKAQ -985  
11: . : . ..... :..11111:111111 - 

AcPOL 952- DDDDDDDCDS SDSENDTQCANNTYKFCLYKMKK -984  

Fig. A1.4 continued 
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Fig. A1.5 Nucleotide sequence of the 66.5-62.8 m.u. region of the OpMNPV 
genome. The predicted amino acid sequence of the DNA helicase is 
indicated below the sequence and numbering for nucleic acid and protein 
sequences is shown at the right. The Ssti restriction enzyme site (m.u. 62.8 
is indicated above the sequence. 



GCACGTGCGrCCCGMCAGCA GCGIGITGICGAAATCGCGCAGCAGCGCCTGAAC e GCCACCGCGACACAGCAFCACCGCGA. 120  

GCGCGATCGC r es. TITGTrCAGGGAC GTGACGGGC e v, oe ore e v v kfl CG 240 MNS IL SR LFRDV T GD EE YAVNS LRDANRL I I ID TD 35 

ACACGGGCAC e sees V. GACGCGGCCGGCGCGTGCGCGC GGCACCAGCG CGCCGCGCGGCACGATGACG 360T G T R R L L E H V S N F R R F L N T I R S D AA GAC ARHQR AARHDDE 75 

AGGAGGAGGCGCCGCCGGCG GCGCGCGTGTCTITIGCGGGGCATTC * v. GAAATCA 480E E AP P AARVSF AGHS LVLENNDF CVF V K P F L L K RH Y D E I K 115 

AAAACTACCTCAA,GCTAGACCGGTIITICAAGAGCGACAAC*e " e rose se TACTGITACIGGCCCAACTGGCCCGCGTCGCAAGCCGTGICCT 600
N Y L K LDRFFK SDNPE H TNMCVQ AGD Y C YWPNWP AS Q AVSF 155 

ITACC e v v e e Gri'GrGGAATcw v. V *e. eee es se* . GT 720T G W Q L Y L YVEF GI VVE S TVP I I H N R R L GAVDLFVFNPR T F 195 

. CAACGAAGCeso *ee P . e 840L N I EMNL S TNEAPPVK L F VNGKFDF E K K VAE S G K AVE S L F 235 

TCGAAATAAAAATGGCCAACGGC elk es """ * s e e re 960 
E I K M A N G A T A T I A N 275ANL VNSNKNL F E V IRDNIN LEE CV T 

CCACGCCCAAGTAC line V. roe CAGTITGCCCACGACGGCGCGGITCrGGCGCCGCCCGTCGAGCGCGCGITCCGCGCGCCCACCGTGACGA 1080T P K YRH I IDVNL T K L R Q F AHD G AVL AP P VER AF R AP T V T T 315 

. CCA1TCITICCGC e " V' . ' ' e e e r e e r ere CGA TCCGACGACC 1200IL S AS S E N A E V IQ SE ID A A L V K V R E G M V K V M G E F N R S D D P 355 

e 11. . e e V. e W' ' V ' see *r GACATGA 1320' , D L L Q A Y F K E S
e

G F K N F H F L L F N V W K Q I T K R D K K S F R E T DMK 395 
AGITGTITITTGAGCTGGTITGCMAACIVTGTITGGCAACGACTCGGACGCGCTGGCGACGGCGCTCGTCAAGTGCGAGCCGITCACGA CGCGCGGCGTGGCCACGITTAACAGCITGT 1440L F F E L V CE T L F G N D SD AL A T A L V K CEP F T T R G V A T F NS L C 435 

GCGACCACTGGCACTGTITCAAGGGGGITAACCCGTACACCCIVITGGGCTCCTATIAC reee v. V e eee *es GAGI'GCGACGACC 1560D HWHCFK GVNP YT LL GS YYGAHYF I Y L K L T SRDAHECDDP 475 
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e .e ere GAGGC e . e *e 1680W A F N Y K N A M E C K V P P K A L G E A F F IK VENVVTQVTLVFNGE 515 

e v. v. e e V.. CACACC AAATATGGCG 1800H YQIVKKDDELYK LVETNP YKLQNIKFNNWK YMYHTK Y G V 555 

v. e or V. ee CACCATGCCGGGCAC GTTCAAGCGGCCCGACGACCCGCCCTACCTGCCCGAAGCGGTGITIGCGC 1920YNVVTDDF YSNCPFLLGTTMPGTFKRPDDPP YLPEAVFAH 595  
ACATGCTCGCCACCAGCGC Cie V. WV' it e r e ee e e 2040MLATSAEERDILR TYHIAKLCRDVKMVKVNLGTVNLLGDC 635  e v . e toe . e e . e v. e e eGA CGACAGTCTTGTGACGTIGGC 2160A P C K L D A R L R L N D L F R E L W N L D D D S L V T L A L YVNKLRVED 675 
ACATIGTGCACAATTMAAGTGCGGCGCGIGCCGCGC e r e e e ee e 2280IVHNFK CGACRAS Q E R K C R C V Q K I K I NRQALK TCLIFDL 715 

. . . . 
1IGTITGTCGGCGAC e v. CAACAAGTTGTACATTAACACCGCTITGATTGTAACGACCAGCAAACTGGTCGCGCAACATGCGC 2400F V G D P E L T Q L M W M L I F A T N K L Y I N T A L I V VT T SKLVAQHAH 755 
ATT1TriTACr e e e . e GACGTGIGCAACCACGACGCGrITITGGCCTACC 2520FFTK E H IK IAA IL HRD L H K I E F VD TLMADVCNHDAF LAYL 795 
TICAACACGCCGIGGCAAACGAGCCCGCGGCGCCCGCCGCCGACAACGCCGTGGCCAAGTTITAIGCGCACIMCGCCAACGC ee r v. TGGTGGG 2640Q H A V A N E P A A P A A D N A V A K F Y A H Y A N A A N I W H K Y K N L W W D 835 

v. eoe it CAGCTGGITGACGCGMCIAC- e e GTGC AAAACTACCCCGTGGCGTACCTGACGCAGG 2760K IILARDSDTLSSWL TRF YLRVIL SKMDVQNYPVAYL T Q Vr 875 

TTGTGGAGGGCTAC v. V. e . or e GGGCGCAAAGCGGTGT 2880EGYLYFKRYTNFNHAS S Y M L M H F A A S L S VP T D Y G R K A V Y 915 

. woe v e e. GAGCTGCTC e r. w or. et. GTCCAAGGAAACTAGCGACA 3000L P GVP L SGK S TFFELLD F LVLMHKFDDD T H T GASKE T SDK 955 
V. V. GAGCTGAAAAAGTGCAGCGAGAGITITTICAAAAAGCACGC or v. 6 3120E VSN L NSEVYTINELKKCSESFFKKHAVSSK SDSKSRKYQ 995  

Fig. A1.5 continued 



V.e " v. e GACTACGACGACGGCGTTCAGAACCGGTTTCTGAITGTGMCACGGACCACA 3240G L L K YE ANYKML IVNNNP L YVDD Y D D G V Q N R F L I V Y T D H K 1035 
AGTITITGCC GCACGTGCGGI=GGGCTCCGTGIACMCCAMMTGACCAACCAGMCCCGCAGGAGCCCATGGTGGTGGACGCGCTCAAGGACIVGGICICGCGTGTTTTTGGCGC 3360F L P HVRF SGSVYHH I L T K Q YP Q E P MVVD AL K D S VRVF L A H 1075 
ACGTCGTGCG CIAC e . . ee a se, V. . or V. CCCGTGCACCAG CACAATCTGACGCGCCICAGCGTCAACAACAGCCCCATGT 3480V V R Y Q R E P Q T G L V P Y K T L L D S D P V H Q H N L T R L S V N N SP MY 1115 

oee. V'" V' e GCGCAGCGC ee' e e e v. e e CTCAAATCGTIT1TGC 3600AVI Y I L N IK T APRS AN T FVTEE K MQEM I G Y A T L H LK SF LH 1155 
ACOCCTCGITCACGCAGTACMCGCGGCCAAGAACATCAACGCCGGCACC . " V 3720

P S F TQYNAAKNINAG T A R SF VF D E K L Q Q I K D K F K N N Y D 1195 
. se- ese re v ....V. es, V e V. 3840 

D I E RGCKF N N L TMALNK L N INVPQF K C 1222 

V. e' GTICACCACGGTAAACCC CGAATTGCGCGTGTA 3960 
ee v. e e e GITGGCGTC . e 4080 

TTGGTCATITTACCCGGCGGCAGTCCT1TGAC V. e e GCGTGACGGTCACGTCGTTGGACGCGC CCGGCGCGITG 4200 
. se e e V" se re . cc ors, ors es CTGCITITCAATGTCGTCCATGGACATGGGC=CGCCACGTACACCIGG 4320 

CTGACCTIGITGTCGCCGTGCGCCACTC e v. e e e CACCrGCACCGAATCGCTGCTITGCGCGAGGETG 4440 

se ee V " ere 4560 

v. e v. er e . V. es . is ee e v e e es** 10.' es GT 4680  
v e e eV. e es- v. e ' ' ' ' S e e e 4800 

. SstI e P 4V. " v. e 4866 

Fig. A1.5 continued 
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Fig. A1.6 Alignment of OpMNPV and AcMNPV DNA helicase proteins. 
The predicted polypeptide of the AcMNPV DNA helicase gene reported by 
Ayres et al (1994) was used to generate this alignment using GCG's GAP 
program. The proteins exhibit 73.8 % amino acid similarity and 59.1 % 
amino acid identity. 
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OpHEL 1- IINSILSRLFRDVTGDEEYAVNSLRDANRLIIIDTDTGTRELLEHVSNFERFLNTIRSDA  59  
::.11 ::::1..1..I.:1.1.111:111 :1 111111:1.1.11-111111.:  

AcHEL  1- MIDNILQFFLKNVPODKITEINNLODANHLIIIINTRTGTERLFEYWINFOOFLNTIRNNF - 60  

OpHEL 60- AGACARHQRAAREDDEEE-APPAARVSFAGHSLVLENNDFCVFVKPFLLKRHYDEIKNYL - 118  
.1:11:1:.:1. :1.11 1.. .:.11.:111.1111:11111:11:111 1..I: 1  

ACHEL  61- NGPCAKHDMGASCEDTEEPAEKHAAQTLDGADWVLESNDFCIFVKPFILKKHYDIIQKYI - 120  

OpHEL 119- KLDRFFKSDNPEHTNMCWAGDYCYWPNWPASOAVSFTGWILYLYVEFGIVVESTVPIIH - 178  
1111.:1:..1.1111111:111111 .11.11.1111:1 :.1111:1.1:1111  

AcHEL  121- NFEDFFKSTDPGYINKCINAGDYYYWPNWPKIWAFSFNGWQLFLNIKFGIVIEPTIPIIH - 180  

OpHEL  179- NERLGAVDLFVFNPRTFLNIEMNLSTNEAPPVKLFVNGKFDFEKICVAESGKAVESLFEIK - 238  
1::11:111111:1:.III:1:.1.11..11 .111111 .1: .. 1.11 :I  

AcHEL 181- NKELGPVDLFVFDPKCFLNVELSLETNHDPPOTLFVNGKTKFD DSHEDLFILK - 233  

OpHEL  239- MANGATATCKMIANIVITSNYNLFEVIRDNINLEECVTTPKYRHIIDVNLTKLROIFAH--- - 295  
11:1..1111: ::1111:11:1: 111:111111:1.111:11::111-11 I.:  

AcHEL  234- MADGWATCKVNGELVNSDKNFFNYIRDDINLEECITVPKYKHIVNVNIKSLRVFENNNF - 293  

OpHEL 296- DGAVLAPPVERAFRAFTVTT/LSASSENAEVIQSEIDAALVXVREGMVKVMGEFNASEOP - 355  
I :. . .1. 1 I  :..1:1111111: 11.1 '1' ':I.1111::. :I.:II  

AcHEL 294- DKNDVDLSDTRS-RKPRIVPIISASSENADYIQTQINLGLIAIHENMVKVLATHERANDP 352  

OpHEL  356- DLLOAYtick.SGFKNFHFLLFWWKQITKRDKKSMETDMKLFFELVCETLFGNDSDALAT - 415 
:111.11..1 1111.11:: :11 1:1111:111:11:11.11: 1.:11.. 

AcHEL 353- NLLOOYFEKSKFKNFDFLIYVIWKILTKNENFSYRETDIKLFLELLCESLFACDKEAINE - 412 

OpHEL 416- ALVKCEPFTTRGVATFNSLCDHWHCFKGVNPYILLGSYYGAHYFIYLKLTSR-DAHECDD 474  
II :III 11. 1:11 1.:.. :. 11 I:1 11:11I. 1:  

AcHEL 413- ALKRCEPYKKQEKIVFNRACNEWFDFDDTKLCVSLGYYFGIHYMIYLTOSAKNEILDHDE 472  

OpHEL  475- PWAINYKNAMECKVPPKAIGEAFFIKVENVVTQVTLVFNGEHYQIWKDDELYKLVETNP - 534  
II:.I.I.I. :..:II 1:11111.1.11111.1111111:1:1:11...1.  

ACHEL  473- LWAYTYENVHAINLPPDIVCKGFFRKLENVVTGVNLVFNGKEYINVEKEDDLEKLTKSNC - 532  

OpHEL  535- YKLQNIKFNNWXYMYHTKYGVYNNVTDDFISNCPFLLGTTMPGTFKRPDEPPYLPEAVFA - 594 
III 111111111:1 1..11111.1:.1.1.11111111:1.111:1.1..1111..1. 

AcHEL 533- YKLSNIKFNMIKYLYLTTHGVIIIVFTNSFHSSCPFLLGTTLPQTFKKPTDEKYLPEDAFN 592 

OpHEL  595- MILATSAEERDILRTYHIAKLCRDVICHVKVNIZTVNLLGDCAPCKLDARLRLNDLFRELW- 654 
.11.111:1 .1.1111111:111111:1.1 :.11.:1:1-1. 1: 11:111:11I  

AcHEL  593- YMLSTSADELSIYRTYHIAKMCRDVKMIKTNTAIVNYMGNCNTCOADMRVAINNLFRDLW - 652  

OpHEL  655- NLDDDSLVTLALYVNKLEVEDIVENFKCGACRASIME--RKCRCVOKIKINRQALKTCLI - 712 
1111:.1:11111111 11.1::11:1I :11..1 : .11:1 .111111.111.11: 

AcHEL  653- NIDDENIITLALYVNKNEVSDMLHNLKCKPCRSTVSGSRPKCKCYKKIKINRKALKVCLM - 712  

Fig.A1.6 
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OpHEL 713- FDLFVGDPELTQLMWMLIFATNKLYINTALIVTTSKIVAQHAHFFTKEHIKIAAILHRDL - 772  
1:1..1:11.:1:11111 111 I:.I.II 1.1.:1.11:.11.111 11 1.1.:  

ACHEL 713- ADMFGNDAELSELIWMLIF -TNKTYVSTTLIRTNSEFVNQHGEFFSKEHNKIIQYLYRTI - 771  

OpHEL 773- HKIEFVDTLMADVCNHDAFLAYLQHAVANEPAAP-AADNAVAKFYAHYANAANIWHKYKN - 831  
1111:11 II... :. II. 1...11.11 111.1.1:1 1:.11 I  

AcHEL 772- HKIEYVDMIMDKFNDKRIFLTELRDDVAREPDVQFEESDNISKFYTHHADALMILKKY-N - 830  

OpHEL 832- LWWDKIILARDSDTLSSWITRFYLRVILSKMDVONYPVAYLTQVVEGYLYFKRYTNFNHA 891  
:111111111..1.1..111111:1:1:11:1:.:1. .11..:111111111:111111  

AcHEL 831- VWWDKIILARSTDDLPTWLTRFYMRIIMSKVDLKEYSYNYLKKIVEGYLYFKRFTNFNHA - 890  

OpHEL 892- SSYMLMHFAASLSVPTDYGRKAVYLPGVPLSGKSTFFELLDFLVLMHKFDDDTHTGAS -K - 950  
...111111111.:1.111:11:1:11 1111.111111:1111111111.1.1.1  I I  

AcHEL 891- NAIMIMEFAASLAIPVDYGKKAIYMPGEPGSGKSSFFELLDYLVIMHEFDDDNHSGESNK - 950  

OpHEL 951- ETSDKEVSNLNSEVYTINELKKCSESFFKKHAVSSKSDSKSRKYQGLLKYEANYKMLIVN -1010  
11111111.111::1111111.1111:11111 111111111111111111111111111  

AcHEL 951- ETSDKEVSKLNSQLYTINELKQCSESYFKKHADSSKSDSKSRKYQGLLKYEANYKMLIVN -1010  

OpHEL 1011- NNPLYVDDYDDGVQNRFLIVYTDHKFLPHVRFSGSVYHHILTKQYPQEPMVVDALKDSVR -1070  
1.111111111111:1111111:111:. 1:1.1111.11 .11:1 1.1 :.1  

AcHEL 1011- NKPLYVDDYDDGVQDRFLIVYTNEXFVDSVXFAGSVYEHIKSKQFPIESMYYESLVTPVR -1070  

OpHEL 1071- VFLAHVVRYQREPQTGLVPYKTLLDSDPVHQHNLTRLSVNNSPMYAVIYILNIKTAPRSA -1130  
:11.11:.1.1:1.11:1.11111..11:1.111 11.1111:11:11111111. III  

AcHEL 1071- LFLSHVLMYRRDPKTGFVVYKTLLSNDPMEKHNLMCLSTNNSPLYALIYILNIKTV -RSA -1129  

OpHEL 1131- NTFVTEEKMQEMIGYATLHLKSFLHPSFTQYNAAKNINAGTARSFVFDEKILLQQIKDKF -1190  
. :.1:11:1111.1. 1:1.111111.111 11111:..:1111:1.:111111:11  

AcHEL 1130- TITIGEDKMEEMIGIAVQHFKNFLHPSFVOYNYKKNINASSSKSFVFNEQVILQQIKNKF -1189  

OpHEL 1191- KNNYDERGCKFNNLTMALNKLDININVPQFKC -1222  
1111:. 1:11111: 1:1..11.1 1 1  

ACHEL 1190- KNNYNKTTNVFYNMTMALNRNDLNTSVPNFVC -1221  

Fig. A1.6 continued 
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Fig. A1.7 Results of replication gene swapping experiments between 
OpMNPV and AcMNPV. a) Autoradiogram showing results from 
substitution of each essential OpMNPV replication gene with its AcMNPV 
homolog. Essential replication genes are cotransfected into uninfected 
Lymantria dispar cells. b) Autoradiogram showing the results from 
substitution of each essential AcMNPV replication gene with its OpMNPV 
homolog. 
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6 essential AcMNPV replication genes + IE -2, p35 
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Fig. A1.7 continued 
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Fig. A1.8 Summary of the results for the replication gene swapping 
experiments. Relative replication efficiencies are displayed and compared to 
the replication efficiency of the set of OpMNPV and AcMNPV replication 
genes in their susceptible host cell line respectively (indicated by ++++). A -
signal indicates that even on longer exposures no replication of the origin-
containing reporter plasmid was observed. 
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Appendix 2: This appendix contains sequence information and an 
alignment of the gene product of Op-iap2, which was identified and 
sequenced during the experiments that led to the identification of lef-3. 
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Fig. A2.1 Nucleotide sequence of the 49.7-50.6 m.u. region of the OpMNPV 
genome. The predicted amino acid sequence of Op-IAP2 is indicated below 
the sequence and numbering for nucleic acid and protein sequences is 
shown at the right. The XhoI restriction enzyme site (m.u. 50.1) is 
indicated above the sequence and a putative polyadenylation signal is 
doubly underlined. 
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Fig. A2.2 Alignment of Op-IAP2 and Ac-IAP2. The nucleotide sequence for 
Ac-iap2 was from Ayres et al (1994). The proteins exhibit 74.1% amino acid 
similarity and 58.9 % amino acid identity. 



OpIAP2 60 1- MDLQRFNFLIMTTQGRVATMSFMSLDHAQKVDLAKTGLFFHNNLIKCIGCRATMDRVDAR  
.11111:.1:1I. II. IIII:. I:0111111 11111111111..0:::1:  

AcIAP2  1- MNLMQFNFLILSTDGRFRTMANMSLDNEYKLELAKTGLFSHNNLIKCIGCRTILDKINAK  60  

OpIAP2 61- RVKRHTYSDTCVSAINALVANESLRKRSFASFKWARRQFGSRAREVDMLSRRGFYCVGK- -119  
.:111111: 1:1..111: 111:11:11.111..1111:1..  1111.11111:.11 

AcIAP2  61- QIKRHTYSNYCISSTNALMFNESMRKKSFTSFKSSRRQFASQSVVVDMLARRGFYYFGKA -120  

OpIAP2 120- -RLRCAGCKVVTTCVSVDGAQRAHAADCAFRRVFD  VDLDACALANVVRVDLPP -171  
:111.11.:1 .: 111:111 .:1 ::: 1  1  1 ..I .11  

AcIAP2 121- GHLRCSGCHIVFKYKSVDDAQRRHKQNCKFLNAIEDYSVNEQFGKLDVAEKEILAADLIP -180  

OpIAP2 172- PRLEPRPSA----PFDAAVSECKVCFVNEKSVCFLPCRHLVVCAECSPRCKRCCVCNGKI -227  
111..:111  1:...11111111 .111111:11111.11.111.111111111:11 

AcIAP2 181- PRLSVKPSAPPAEPLTQQVSECKVCFDREKSVCFMPCRHLAVCTECSRRCKRCCVCNAKI -240  

OpIAP2 228- ASRLSTIPQ -236  
1:.1:11  

AcIAP2 241- MQRIETLPQ -249  

Fig. A2.2  
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