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STELLINGEN
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UB-CARDFy

De kerndesintegratie-functie van het 10 kilodalton eiwit van Autographa
californicanuclear polyhedrosis virus (AcMNPV) ligt tussen aminozuur 52 en 70.
Dit proefschrift.
Williams et al. (1989). A cytopathological investigation of Autographa californica nuclear
polyhedrosis virus plO gene function using insertion/deletion mutants. Journal of General
Virology 70: 187-202.
Hu et al. (1994). The plO gene of natural isolates of Bombyx mori encodes a truncated
protein with molecular weight of 7,700 dalton. Journal of General Virology 75, 000-000.

2.

Het baculovirus 10 kilodalton eiwit is niet betrokken bij het verslijmen van
geïnfecteerde rupsen.
Dit proefschrift.

3.

De aminozuurvolgorde PKCKCYKKIK in het AcMNPV helicase (pl43) wordt
door Lu en Carstens ten onrechte aangemerkt als kern-importsignaal.
Lu, A. and Carstens, E.B. (1991). Nucleotide sequence of a gene essential for viral DNA
replication in the baculovirus Autographa californica nuclear polyhedrosis virus. Virology
181, 336-347.

4.

De "South-Western blot-methode" gebruikt door McClintock et al. om DNA
bindende eiwitten op te sporen levert mogelijk irrelevante resultaten op, doordat de
eiwitten in een gedenatureerde staat verkeren.
Bowen et al. (1980). The detection of DNA-binding proteins by protein blotting. Nucleic
Acids Research 8, 1.
McClintock et al. (1991). DNA-binding proteins of baculovirus-infected cells during
permissive and semipermissive replication. VirusResearch 20, 133-145.

5.

De methode gebruikt door Peakman et al. om recombinante baculovirussen op te
sporen is verre van ideaal vanwege de hoge expressie van het reporter-gen.
Peakman et al. (1992). Highly efficient generation of recombinant baculoviruses by
enzymatically mediated site-specific in vitro recombination. Nucleic Acids Research 20,
495-500.
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6.

De expressie van het Nib-gen moet eerst worden aangetoond in transgene
tabaksplanten alvorens geconcludeerd mag worden dat het replicase bescherming
biedt tegen aardappelvirus Y.
Audy et al. (1994). Replicase-mediated resistance to potato virus Y in transgenic tobacco.
Molecular Plant-Microbe Interactions 7, 15-22.

7.

Toepassing van het orale poliovaccin in gemeenschappen, waar slechts enkele
individuen geïmmuniseerd zijn, vereist strenge hygiëne in verband met de
instabiliteit van het geattenueerde virus in het darmkanaal.
Macadam et al. (1993). Genetic basis of attenuation of the Sabin type 2 vaccine strain of
poliovirus in primates. Virology 192, 18-26.

8.

Gezien het verschil in salaris tussen hoogleraren en aio's is het niet verwonderlijk,
dat er ook bijklussende aio's bestaan.

9.

Het is zeer voorbarig te concluderen, dat 'yellow head disease', een ziekte bij
garnalen in Thailand, veroorzaakt wordt door een baculovirus.
Boonyaratpalin et al. (1993). Non-occluded baculo-like virus, the causative agent of yellow
head disease in the black tiger schrimp (Peneaus monodon). Gyobo Kenkyo 28, 103-109.

10.

De term "survival tours" lijkt verkeerd gekozen, omdat dergelijke avonturen er
meestal niet op gericht zijn natuurgebieden te laten overleven.

Stellingen behorende bij het proefschrift
Functional analysis of the baculovirus 10 kilodalton protein
door Monique M. van Oers, te verdedigen op 8juni 1994.
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Chapter 1
GENERAL INTRODUCTION

INTRODUCTION
Baculoviruses are infectious agents that cause fatal disease in arthropods, predominantly
insects of the order Lepidoptera. Over 400 species of this order are known as hosts for
these viruses although a single virus isolate infects only one or a few related lepidopteran
species. In addition, these viruses have been reported from species of the orders
Hymenoptera, Diptera, Coleoptera, Trichoptera,Thysanura and Homoptera, as well as in
several members of the orders Crustacea and Arachnida (Martignoni and Iwai, 1986).
Baculovirus infections were first described in silkworms, where viral infection had
devastating effects on the silk culture with large economic impact (see Benz, 1986, for a
historical review). Since baculoviruses regulate the size of insect populations in nature
and since they have a restricted host range, considerable attention has been paid to their
potential as biological pesticide (reviewed by Martignoni and Iwai, 1986). A decade ago
the interest in baculoviruses and their molecular biology was fueled by the observation,
that they could be exploited for the efficient expression of heterologous genes. The high
levels of expression and the ability of the system to modify the expressed proteins posttranslationally, together with the inherent safety for humans, make this system a very
attractive alternative to other higher-eukaryotic expression systems (e.g. vaccinia).
Baculoviruses thus have a high profile not only in insect control as alternative to
chemicals, but also as producer of proteins for fundamental research as well as for
medical and veterinary practices.
The broad interest in baculoviruses is reflected in the large number of review papers
and books that have been published in recent years: for instance on the general biology
and ultrastructure (Granados and Federici, 1986; Adams and Bonami, 1991), the gene
regulation and molecular biology (Friesen and Miller, 1986; Blissard and Rohrmann,
1990), their use as insecticides (Martignoni and Iwai, 1986) and their broad applications
as expression vectors (Luckow and Summers, 1988; Miller, 1988; Maeda, 1989; Vlak

and Keus, 1990). Various manuals for experimental procedures contain a wealth of
information (Summers and Smith, 1987; King and Possee, 1992; O'Reilly et al., 1992).
TAXONOMY
The Baculoviridaeare a family of rod-shaped (baculum=rod), enveloped, double-stranded
DNA viruses with a circular, supercoiled genome varying in size between 90 and 230
kilobase pairs (kbp) (Francki et al., 1991). Until recently, the family was subdivided in
two subfamilies: Eubaculovirinaeand Nudibaculovirinae.The Eubaculovirinaecomprised
the genera nuclear polyhedrosis virus (NPV) and granulosis virus (GV), which occlude
their progeny virions into proteinaceous bodies, called polyhedra (NPVs) or granula
(GVs). The subfamily Nudibaculovirinae contains only the genus non-occluded
baculovirus (NOB). The subdivision of NPVs in multiple (MNPV) and single (SNPV)
nucleocapsid forms, reflecting the number of nucleocapsids packaged within one viral
envelope, was not based on phylogenetic evidence but on morphology. However, this
feature of the virus can be useful in discriminating two virus species isolated from the
same host. The classification of baculoviruses was changed recently, according to the
proposals of the International Committee on Taxonomy of Viruses (22nd triennial meeting
of the Executive Committee of ICTV, August 1993, Glasgow). It was decided to divide
the family Baculoviridae into two genera: Nucleopolyhedrovirus(NPV) andGranulovirus
(GV), thereby eliminating the subfamilies mentioned above.
In the experiments described in this thesis two NPV species were used. One was
isolated from the alfalfa looper Autographa californica (AcMNPV). The AcMNPV
prototype E2 (Vail et al., 1971) is nowadays the most extensively studied baculovirus.
The second species was isolated from the beet army worm, Spodopteraexigua (SeMNPV;
Hunter and Hall, 1968a, b). Other NPV species relevant to this thesis are Bombyxmori
NPV (BmNPV), Orgyia pseudotsugata MNPV (OpMNPV), Choristoneurafumiferana
MNPV (CfMNPV) and PerinanudaMNPV (PnMNPV).
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EPIDEMIOLOGY, PATHOLOGY AND BIOLOGY
The vertical transmission of baculoviruses in insect populations (i.e. from one generation
to the next) occurs mainly at the time of oviposition by direct contamination of the eggs
or the foliage in the vicinity of the neonatants by infected or surface-contaminated adults.
Horizontal dissemination within the insect population (between individuals of the same
generation) is caused directly by infected insects, by parasites, predator insects and
sarcophageous flies. Mammals and birds, although not sensitive to a baculovirus
infection, may help to disperse the virus, since the virus survives in the digestory tract of
these animals. Abiotic factors involved in dissemination are gravity, rain or irrigation
water, wind, carrying contaminated dust or aerosols, cultivation practices and marketing.
The soil often functions as a reservoir for polyhedra (reviewed by Hostetter and Bell,
1985).
The external signs of infection of a lepidopteran larvae with a baculovirus first
occur several days after ingestion of the virus and are marked by a reduced appetite, slow
locomotion, retarded growth and an increased incidence of secondary infections (bacteria
and fungi). Then the larvae stop feeding and finally hang by their prolegs from leaves and
branches or lay in the soil. Death occurs accompanied by the liquefaction of internal
tissues and the darkening of the cuticle at 3 to 8 days after the initial signs. The cuticle
and epidermis often rupture, releasing masses of polyhedra (Tanada and Hess, 1984;
Granados and Williams, 1986).
After ingestion, the polyhedra readily dissolve in highly alkaline lepidopteran
midgut, releasing polyhedron-derived virions (PDVs), that start a primary infection in
columnar cells of the midgut (Harrap et a/., 1970). The infection is a temporarily
regulated, biphasic process. In the first phase progeny virus is produced by budding
through the cytoplasmic membrane and the basal laminae into the hemocoel. These
extracellular-viruses (ECVs) cause secondary infections in other tissues such as fat body,
blood cells, hypodermis and trachea. Cells of other tissues such as muscles, nerves and
glands are also susceptible in some cases. In the second phase of infection the nuclei
become packed with polyhedra, which occlude many virions (Tanada and Hess, 1984;
Granados and Williams, 1986).
The two virion types, ECV and PDV, contain the same genetic information, but
differ substantially in morphology (e.g. a loosely attached versus a tight envelope;
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Figure 1.1. A) Electron micrograph of a thin section of a Spodoptera frugiperda cell infected with
AcMNPV at 48 h post infection. B) Enlargement of a fibrillar structure and a polyhedron in the nucleus.
F: fibrillar structure, P: polyhedron, ES: electron-dense spacer, VS: virogenic stroma, V: virus particle.
Bar markers represent 1jim (A) and 0.5 ^m (B).

Federici, 1986) and protein composition. The 64 kilodalton (kDa) glycoprotein (gp64) for
instance is characteristic for ECVs. ECVs and PDVs vary considerably in tissue
specificity: ECVs are highly infectious for hemocytes, tissues adjacent to the hemocoel
like the fat body, and in vitro for cultured insect cells. PDVs are most infectious for
columnar midgut cells (Volkman et al., 1976; Volkman and Summers, 1977).
CYTOPATHOLOGY
The cytopathology of baculoviruses has been studied both in larvae and in cultured
lepidopteran cells. Cells in culture have the advantage, that the development of a
baculovirus infection can be synchronized and that they can be visualized directly by light
microscopy. The first cytopathologic effect observed in cells infected by an NPV is the
enlargement of the nucleus. The central area of the nucleus contains Feulgen-positive
material, called virogenic stroma. Later in infection growing polyhedra are observed in a
12

ring surrounding the virogenic stroma and afterward the nucleus becomes packed with
polyhedra (Fig. 1.1. A; reviewed by Granados and Williams, 1986). Finally the infected
cell lyses, thereby liberating the polyhedra from the nucleus. The polyhedra are
surrounded by an electron-dense layer, called the polyhedral envelope or calyx. It is
mainly composed of carbohydrate (Minion et al., 1979), but it also contains a viral
encoded protein, the polyhedral envelope protein (Whitt and Manning, 1988; Gombart et
al, 1989), which is essential for envelope formation (Zuidema et al, 1989).
Another late effect is the formation of fibrillar structures in the nucleus and the
cytoplasm of infected cells (Fig. 1.1 B). These fibrillar structures have been denoted
alternatively as fibrous material (Summers and Arnott, 1969), fibrous sheets (MacKinnon
et ah, 1974) or fibrous bodies (Tanada and Hess, 1984) and as a fibrous-like network
(Knudson and Harrap, 1976). Fibrous material was also reported for Trichoplusia ni cells
infected with a GV (Summers and Arnott, 1969). In NPVs the fibrillar structures in the
nucleus are associated with multilamellar structures, referred to as electron-dense spacers
(Summers and Arnott, 1969; MacKinnon et al., 1974) or dense laminar profiles (Tanada
and Hess, 1984). Occasionally, fibrillar structures are observed in close contact with
polyhedral envelopes.
THE GENOMIC ORGANIZATION OF ACMNPV
The genome of AcMNPV is the best studied genome and is approximately 130 kbp in size
(Cochran et al., 1982). Physical maps of several strains of AcMNPV have been made
(Smith and Summers, 1979; Cochran et al., 1982), and a consensus orientation of the
genome was proposed (Vlak and Smith, 1982). In the years following this pioneer work,
the regulation of AcMNPV gene expression has been studied in detail. Many genes have
been detected and characterized, and the genome has recently been completely sequenced
(Possee, personal communication). In a recent review all the genes that are mapped up to
now on the 131 kbp genome are described (Kool and Vlak, 1993). The genome also
contains several highly repetitive (hr) sequences (Cochran and Faulkner, 1983), that serve
as enhancers for transcription (Guarino et al., 1986; Guarino and Summers, 1986) and
possibly as origins of replication (Pearson et al., 1992;Kool et al, 1993).
The general model for baculovirus gene expression is an ordered cascade, in which
each step or phase is dependent on previous events (reviewed by Friesen and Miller,
1986). Generally, genes are divided in early and late genes, depending on whether their
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onset precedes DNA replication or not. Early genes are usually subdivided in immediate
early or a-genes and delayed early or ß-genes. In Spodoptera frugiperda cells infected
with AcMNPV immediate early gene expression occurs at 0-4 h post infection (p.i.) and
is regulated by host cell factors. Delayed early gene expression (5-7 h p.i.) is dependent
on or at least strongly stimulated by immediate early gene products. The late or 7-genes
are most active directly after the onset of DNA replication, but the levels of expression
decline at later times after infection. In this period (8-18 h p.i.) most of the DNA
replication occurs and ECVs are produced. Unique for baculovirus gene expression is the
existence of a fourth step in the cascade. This step involves the very late, hyperexpressed
or ô-genes, which remain active until cell death, leading to accumulation of their gene
products. These include the polyhedrin protein (29 Kda), which forms the crystalline
matrix of polyhedra, and an approximately 10 Kda protein, which is generally denoted
plO, and which is located in the fibrillar structures in the nucleus and cytoplasm of
infected cells (Van der Wilk et al, 1987; Quant-Russell et al, 1987).
Early gene products are essential for DNA synthesis and for the shift to the late
phase (Gordon and Carstens, 1984). The switch to late gene expression is gradual and the
onset coincides well with the onset of DNA replication. Early viral RNA is synthesized
by host RNA polymerase II, while late viral RNA synthesis is performed by a newly
made a-amanitine-resistant RNA polymerase, not found in uninfected cells (Grula et al.,
1981; Fuchs et al, 1983; Huh and Weaver, 1990). During infection the expression of
host cell mRNAs and proteins gradually decreases and at later times only the synthesis of
infected cell specific proteins prevails (Vlak et al, 1981; Ooi and Miller, 1988). The
transition to the late stage and the shut down of host protein synthesis is blocked when
DNA-synthesis is prevented (Ooi and Miller, 1988).
There is no clustering of genes according to their time of expression in the
AcMNPV genome (Adang and Miller, 1982; Esche et al., 1982; Lubbert and Doerfler,
1984). Gene expression involves individual transcription units composed of temporarilyregulated, overlapping RNA transcripts, with either common 3' or 5' ends. The
occurrence of overlapping transcripts with common 3' ends may be regulated by a process
called transcriptional interference or promoter occlusion, a process in which transcription
initiated at a more upstream promoter prevents initiation of a downstream promoter. This
type of regulation leads to the rise of longer transcripts with time (Friesen and Miller,
1985). Overlapping RNAs with opposite polarity (antisense RNA) may play a role in gene
regulation (Hardin and Weaver, 1990; Ooi and Miller, 1990). Transcripts with common
14

5' ends may result from read through of polyadenylation signals. In this case the shortest
transcript is the most abundant one. This type of transcription was found for both the
polyhedrin and plO gene (see below). In general AcMNPV transcripts are unspliced
(Lubbert and Doerfler, 1984). Splicing was only reported for immediate early gene 1
(IE-1) transcripts (Chisholm and Henner, 1988). It has been suggested that overlapping
transcripts might provide a variety that might otherwise be achieved by splicing (Lubbert
and Doerfler, 1984).
THE VERY LATE GENES
Thepolyhedrin genes of many NPVs havebeen studied intensively (reviewed by Vlak and
Rohrmann, 1985; Rohrmann, 1986; Zanotto et al, 1993). The function of polyhedrin is
the occlusion of virions to protect against proteolysis and environmental decay. In
contrast, for plO genes and their gene products data are scarce and the function of plO
protein is not known. The functional analysis of baculovirus plO proteins is the central
subject of this thesis.
The AcMNPV plO protein was announced as a 7.2 kDa (Adang and Miller, 1982),
7.5 kDa (Vlak et al, 1981) or 8 kDa protein (Rohel et al, 1983) based upon its behavior
upon SDS-polyacrylamide gel electrophoresis. For OpMNPV a 14 Kda protein was
reported (Quant-Russell et al, 1987). The name 10K protein (plO) was given by (Smith
et al, 1982; 1983a) and has been confirmed by the predicted molecular weight,
calculated from sequence data (Kuzio et al, 1984), which is approximately 10 kilodalton.
Pulse labelling experiments showed that plO protein is first detected at 12-15 h p.i. and is
synthesized till at least 99 h p.i. (Rohel et al, 1983;Smith et al, 1983a).
The genetic organization of a segment of the AcMNPV genome containing the plO
gene is depicted in Fig. 1.2. The AcMNPV plO protein is encoded by an uninterrupted
single-copy gene, mapped by Northern blotting, in vitrotranslation and CDNA analysis to
the Pstl-B and the EcoRI-P fragment on the Hindlll-P/Q boundary between map units
87.35 and 89.55 (Adang and Miller, 1982; Rohel et al, 1983; Smith et al, 1983a;
Rankin et al, 1986). The open reading frame (ORF) of 282 nucleotides (nt) encodes a
protein of 94 amino acids and is preceded by an AT-rich region, whereas polyadenylation
signals are found downstream of the ORF (Kuzio et al, 1984). With the AcMNPV plO
sequence as a probe the OpMNPV plO gene was found and characterized (Leisy et al,
1986a). In OpMNPV the plO ORF is 276 nt and encodes a protein of 92 amino acids. The
15
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Figure 1.2. A) Linear physical map of the AcMNPV genome for restriction endonuclease Hindlll. The
fragments are alphabetical numbered according to their size. One map unit (m.u.) represents 1.3 kbp. B)
Physical map and genomic organization of an 11.8 kbp segment of the AcMNPV genome, encompassing
part of the Himffll A fragment (A') and the complete Hindlll K, Q and P fragments. ORFs are indicated
by open arrows. Dotted arrows represent ORFs that extend beyond the depicted region. The 64K ORF
encodes the budded virion specific glycoprotein gp64. The ORFs 24K, 16K, 34K, 25K and 48K are also
known as ORF I to V. ORF 34K encodes the polyhedral envelope or calyx protein (pp34). C) Transcripts
mapped in the AcMNPV plO gene region. Transcripts are represented as arrows and the sizes are indicated
in nucleotides. E stands for early, L for late and VL for very late transcript. Restriction sites are indicated
as B: BamH\, Bg: Bgia, E: EcoSI, H: Hindlll and X: Xhol. The data for this figure were extracted from
the review by Kool and Vlak (1993) and references therein.
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plO coding sequences of AcMNPV and OpMNPV share 54% nucleotide sequence
homology and 41%amino acid sequence homology (Leisy et al., 1986a). Most homology
was observed at the amino-terminus of the protein. Both plO proteins do not contain any
methionine, cysteine, tyrosine, tryptophan and histidine residues. They are however rich
in serine and threonine, amino acids that can be involved phosphorylation, and in proline
and lysine. The polyhedrin genes of AcMNPV and OpMNPV were very similar, showing
80% and 90% homology at the nucleotide and amino acid sequence level, respectively
(Leisy et al., 1986b), suggesting common ancestry.
In both AcMNPV (Fig. 1.2 B) and OpMNPV upstream of the plO gene an ORF,
denoted as ORF p26, was found with the same polarity as plO (Liu et al., 1986; Bicknell
et al, 1987). A function has not yet been assigned to the p26 gene. Downstream of the
plO gene the p74 ORF is located, which has an opposite polarity. P74 is a late gene and
is essential for infection of larvae with PDVs and hence a virulence factor (Kuzio et al.,
1989).
The AcMNPV plO region is transcribed in four overlapping transcripts running in
the same direction (Fig. 1.2 C), as determined by Northern blotting, SI nuclease mapping
and primer extension experiments (Rohel et al, 1983; Friesen and Miller, 1985; Rankin
et al, 1986; Kuzio et al, 1989). Two very late poly(A)+ RNA transcripts of 750 and
2500 nt, first detected 10-12 h p.i., rapidly accumulate and continue to be formed till at
least 60 h p.i. These 750 and 2500 nt transcripts have common 5' ends that map at
position -69/-70 relative to the ATG start codon of the plO ORF. Two other poly(A)+
transcripts (1100 and 1500 nt) are maximally expressed 12 h p.i. and these two RNAs
also have common 5' ends, which map just upstream of the start of the p26 ORF. The
late 1500 and very late 750 nt transcripts share their 3' ends. The 2500 nt band appears to
have two different 3' ends, one of which shows microheterogeneity. The 750, 1500 and
2500 nt transcripts comprise the complete plO coding sequence. The 1100 and 1500 nt
transcripts overlap with the p26 ORF. Polyadenylation signals (AATAAA) are found for
the 750 and 1500 nt, and for the 2500 nt transcripts. A slightly modified signal
(ATTAAA) is present for the 1100nt transcript. A 2700 nt transcript of the p74 gene also
maps in the plO region, but in the other direction. The 750 nt MRNA was translated in
vitro into a methionine deficient protein of 8 kDa (Rohel et al., 1983). A similar pattern
of overlapping transcripts was found for the polyhedrin gene (Friesen and Miller, 1985;
Howard et al., 1986). Polyhedrin and plO gene transcripts appear in approximately equal
amounts and together accumulate to more than 90% of the total poly (A)+ viral RNA very
17

late after infection (Smith et al, 1983a). The polyhedrin and plO genes of Orgyia
pseudotsugata MNPV (OpMNPV) also showed a remarkably similar transcription pattern
(Leisy et al., 1986a; 1986b). Very late gene transcription thus appears to occur according
to a general pattern in baculoviruses, showing transcripts with common 5' ends of which
the shortest ones are also the most abundant ones. The 5' end of the major plO
messengers of both AcMNPV and OpMNPV mapped within the sequence ATAAG (Leisy
et al., 1986a; Kuzio et al., 1986; Rankin et al, 1986), which is part of a 12 nucleotide
consensus sequence found near the mRNA cap-site of all polyhedrin, granulin and plO
genes analysed thus far, (A/T)ATAAGNANT(T/A)T, also known as the Rohrmann-box
(Rohrmann, 1986). An other similarity is the AT-richness of the non-translated leader
sequence.
Several transient expression experiments were performed to define the AcMNPV
plO promoter, using chloramphenicol acetyl transferase as reporter for gene expression.
The plO promoter was only active when plasmids were transfected into infected insect
cells, indicating that the activity is either directly or indirectly dependent on other viral
gene products (Knebel et al., 1985; Weyer and Possee, 1988). Maximum plO expression
requires the integrity of the complete untranslated leader sequence plus some additional
upstream nucleotides (positions -72 to +1) (Weyer and Possee, 1988, 1989; Qin et al.,
1989). These studies also showed that the plO promoter is relatively small, and does not
extend the mRNA cap-site by more than several nucleotides. However, when the ATAAG
sequence is mutated, expression levels drop sharply. Also the in vitro methylation of a
5' CCGG 3'motif in the plO promoter region inactivated the plO promoter (Knebel et al.,
1985).
FUNCTIONAL STUDIES ON THE PlO PROTEIN
The plO protein is not associated with ECVs, PDVs or polyhedra, although some plO
copurifies with polyhedra (Vlak et al,

1981). Immunofluorescence studies and

immunogold labelling experiments showed that plO protein was associated with fibrillar
structures formed in the nucleus and cytoplasm of AcMNPV or OpMNPV-infected cells
(Quant-Russell et al, 1987; Van der Wilk et al, 1987). One of the monoclonal
antibodies raised against the OpMNPV plO protein showed a strong reaction with
cytoskeletal structures in uninfected cells. This might reflect structural homology between
plO and a cytoskeletal component (Quant-Russell et al, 1987). Immunogold labelling also
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showed that polyhedrin was not present in these structures. Furthermore, mutants without
an intact polyhedrin gene were still able to form fibrillar structures (van der Wilk, 1987).
These results led to the rejection of the hypothesis of Chung et al. (1980), that fibrillar
structures were deposits of precondensed polyhedrin.
Early functional studies concerning the plO protein were hampered by the absence
of an appropriate screening system for the selection of plO mutant viruses. To circumvent
this difficulty the plO gene was inactivated by inserting marker genes into the plO coding
sequence, such as the phosphotransferase gene, conferring resistence against the antibiotic
geneticin (G418) to the recombinant viruses (Gönnet and Devauchelle, 1987; Croizier et
al, 1987) or the enzymatic marker gene lacZ (Vlak et al, 1988; Williams et al, 1989).
These studies showed that plO was dispensable for viral infection, but that it was essential
for the formation of fibrillar structures.
The in-frame insertion of the lacZ sequence led to the expression of a fusion
protein, containing the amino-terminal 52 amino acids of plO followed by the ßgalactosidase sequence (Vlak et al, 1988; Williams et al., 1989). The fusion protein
formed granular structures in the nucleus of recombinant-infected cells, that reacted with
antiserum against ß-galactosidase (Vlak et al, 1988). In contrast to wild type infected
cells, cells infected with plO recombinants with either in- or out-frame lacZ insertions did
not release polyhedra (Williams et al, 1989), indicating that plO might have a function in
cell lysis. The disruption of the plO gene by the lacZ sequence prevented the formation of
polyhedral envelopes. A plO deletion mutant resulted in fragile polyhedra with a loosely
attached envelope (Williams et al, 1989), indicating that plO might have a function in the
assembly of polyhedral envelopes.
The results obtained with the lacZ insertion mutants were rather confusing, since
they were not entirely consistent between the two studies. Vlak et al. (1988) reported that
electron-dense spacers were absent from cells infected with the plO-lacZ fusion mutant, in
contrast to Williams et al. (1989), who observed normal spacers. The reason for this
discrepancy is not clear, but could be the introduction of an additional mutation some
where else in the genome. Another possibility is that this ambiguity is due to the minor
differences in the cloning strategy, which resulted in small alterations at the fusion point.
The introduction of a proline residue at the fusion point as reported in one study
(Williams et al, 1989) may have a drastic influence on the conformation of the fusion
protein. Furthermore, the remaining part of plO in such a fusion protein might be affected
in its biological function by the ß-galactosidase moiety. Therefore, the analysis of mutant
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viruses having simple plO deletions or point mutations may be more convenient to study
the function of plO protein. The availabilty of a new plO-promoter based transfer vector
system (Vlak et al., 1990) provides an excellent opportunity to circumvent the
disadvantages of fusion proteins. After cloning of a modified plO-coding sequence in the
appropriate transfer plasmid, mutant viruses can be obtained by recombination and these
mutants can be easily selected by virtue of their ß-galactosidase expression (seebelow).
THE BACULOVIRUS EXPRESSION SYSTEM
Both very late baculovirus genes contain strong promoters and the high gene dose present
late in infection may also contribute to the synthesis of massive amounts of polyhedrin
and plO. This high level of expression, together with the fact that both polyhedrin and
plO are not essential for viral replication in vitro (Smith et al, 1983b; Gönnet and
Devauchelle, 1987; Vlak et al., 1988), made both very late promoters available for
foreign gene expression without requiring helper virus. This resulted in the development
of baculovirus expression vectors, which were mainly based upon polyhedrin promoterdriven expression. These vectors have been used extensively to express a variety of
foreign genes of animal, viral, fungal, bacterial and plant origin (Luckow, 1991; O'Reilly
et al., 1992). The observation that the expressed proteins were amenable to posttranslational modifications as in mammals, such as glycosylation, phosphorylation and
myristillation, thereby producing functionally and antigenically active proteins, further
improved the value of the system (Vlak and Keus, 1990).
The baculovirus expression system is based on the construction of recombinant
viruses that contain a heterologous gene downstream of the polyhedrin or plO promoter.
The system based on the plO promoter is depicted in Fig. 1.3. The first step in obtaining
such a recombinant virus is the construction of a transfer plasmid, that replicates in
Escherichia coli. It contains either the polyhedrin or plO promoter followed by an
insertion site for heterologous genes. Additionally, this transfer plasmid (or transfer
vector) contains sequences homologous to the DNA sequences, that flank the polyhedrin
or plO gene in the wild type viral genome. Upon cotransfection of viral DNA and the
transfer plasmid, recombinant progeny viruses are likely to arise, due to homologous
recombination within the flanking regions. The percentage of recombinant viruses depends
on the length of the flanking sequences and the size of the heterologous gene, and varies
between 0.1 and 5% (Summers and Smith, 1987).
20

Transfer vector
pUC

Baculovirus
flanking
sequence

C

flanking
sequence

l
p10
promoter

lacZgenecassette
foreign gene

Baculovirus DNA

cotransfection and recombination
in Spodoptera frugiperda cells

k

Baculovirus
Expression vector

screening of
recombinants (~1%)
(plaque assay)

purification
amplification
.4
foreigngene

\M
rec

lacZ
Figure 1.3. The construction of baculovirus expression vectors based upon the plO-replacement vector
pAcAS3 (Vlak et al., 1990). The lacZ gene cassette consists of the D. melanogaster heat shock 70 promoter
(hsp), the E. coli lacZ sequence and the SV40 terminator sequence. The direction of transcription is
indicated by arrows.
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The next step is to select the recombinant viruses from the parental viruses. In the
case of replacement in the polyhedrin locus the recombinant viral plaques have a
polyhedron-minus phenotype, which can be seen easily by light microscopy. The main
difficulty in obtaining plO-promoter based recombinants has been their selection, since
recombinant viral plaques can not be discriminated light microscopically by virtue of their
plO-minus phenotype. To overcome this problem, a novel type of transfer vector was
designed (pAcAS3; Vlak et al, 1990). It contains a reporter gene controlled by a
constituai promoter, which is transferred into the genome together with the foreign gene
(Fig. 1.3). The selection is based on the constituent expression of ß-galactosidase by
recombinant viral plaques. This enables visual selection of recombinant viruses by virtue
of the blue plaque phenotype upon the addition of the chromogenic substrate X-gal.
The plO promoter may be preferred over the polyhedrin promoter when in vivo
infectivity of the recombinant is required, for instance when employing recombinant
baculoviruses for insect control. When both the polyhedrin and plO promoter are used,
simultaneous expression of two proteins can be achieved. An examples of this application
is the concurrent expression of parvovirus capsid proteins (Brown et al., 1991) or
bluetongue reovirus proteins (Belyaev and Roy, 1993), leading to the assembly of
parvovirus empty capsids and reovirus-like particles, respectively.
OUTLINE OF THE THESIS
Research on very late genes of nuclear polyhedrosis viruses has concentrated mainly on
the exploitation of their promoters for the expression of heterologous genes. For this
purpose the localization of the polyhedrin and plO gene, and the analysis of their
promoters are indispensable. Optimal levels of foreign gene expression are of course
demanded and several determinants for high level gene expression have been reported
(Matsuura et al., 1987; Possee and Howard, 1987; Weyer and Possee, 1988, 1989; Qin
et al., 1989). In Chapter 2 the effect of the simultaneous activity of both very late
promoters on the level of expression of the individual gene products is examined, by
analysing recombinants with deletions in the polyhedrin gene.
The exploitation of the plO locus for the expression of heterologous genes, as for
instance insect hormone or toxin genes, needs understanding of the consequences for the
infection process, the virulence and the persistance in the field. Therefor, knowledge of
the function of plO is highly relevant. The strategy adopted for the functional analysis of
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plO involves the construction and characterization of plO mutants. However, with only
the sequences of the closely related AcMNPV and OpMNPV plO genes available, it is
difficult to predict conserved amino acid sequences or distinct domains that may be
essential for the functioning of plO. To obtain optimal profit from amino acid sequence
data, the plO gene of the distantly related baculovirus SeMNPV is characterized
(Chapter 3).
On the basis of sequence comparisons several functional domains are postulated
(Chapter 3 and 4) and AcMNPV plO deletion mutants are constructed to analyse these
putative domains further (Chapter 4). These mutants are caracterized in terms of fibrillar
structure formation, release of polyhedra and presence of polyhedron envelopes and
electron-dense spacers. An enzymatic test is used to determine whether plO induces cell
lysis (as proposed by Williams et al., 1989) or nuclear disintegration at the final stage of
infection. To analyse the specificity of plO functions the plO ORF of AcMNPV is
replaced with the distantly related SeMNPV plO ORF (Chapter 5). Experiments are
performed to determine whether plO proteins of different species can co-assemble into
one fibrillar structure, and whether fibrillar structure formation and polyhedron release
require specific interactions of plO with host or viral factors. Chapter 6 describes the
further analysis of the carboxy terminus of AcMNPV plO. This domain contains two
serine residues that are prone to phosphorylation by cAMP-dependent protein kinase
(Cheley et al, 1992). These serines are replaced by alanine residues to examine whether
phosphorylation at one of these serines is required for fibrillar structure formation. In
Chapter 7 the experimental data are discussed and a model is proposed, postulating
several functional domains on the AcMNPV plO protein.
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Chapter 2
EXPRESSION OFTHEAUTOGRAPHA CALIFORNICA
NUCLEAR POLYHEDROSIS VIRUS P10 GENE:
EFFECT OFPOLYHEDRIN GENE EXPRESSION

SUMMARY
Two major late proteins, polyhedrin and plO, are synthesized in large quantities in
baculovirus-infected insectcells.Thisandthefact thatbothproteinsaredispensable for virus
replication, form thebasis for theuseof theseviruses asvector for foreign geneexpression.
To address the question whether theAutographa californicanuclear polyhedrosis virus plO
promoter-driven expression is influenced by the concurrent expression of the polyhedrin
gene, several recombinants were constructed with various deletions in thepolyhedrin gene.
TheEscherichia colilacZgenewasusedasamarker toallowdirectcomparison between plO
andpolyhedrin promoter-driven expression. Noneof thedeletions inthepolyhedrin genedid
result in higher expression of the plO promoter-controlled gene. This suggested that the
transcriptional and/or translational activity of thep10and polyhedrin geneare independently
regulated. To compare the level of polyhedrin and plO promoter-driven expression,
recombinants with the lacZ genecloned behind either promoter were studied. No significant
difference in level of expression was observed. In cellsinfected with a recombinant with the
lacZ gene present behind both promoters a reduced level of expression was observed,
whereas a considerable increase was expected. This may be due to instability of the viral
genome, when two copies of the lacZ gene are present.

Thischapter has beenpublished ina slightly modifiedform as: VanOers, M.M., Jore, J.J., Malarme, D. and
Vlak,J.M. (1992). Expression of the Autographa californica nuclear polyhedrosis virusplO gene: effect of
polyhedrin gene expression. Archives of Virology 123: 1-11.
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INTRODUCTION
Baculoviruses are infectious agents that cause fatal disease in insects. Besides in biocontrol
programs of pest insects they have been used extensively toexpress foreign genes in insect
cells (Luckow and Summers, 1988; Luckow, 1991). Two proteins, the polyhedrin protein
(29kDa) and a 10kDa protein, referred to as plO, are produced in copious amounts in the
very late phase (approximately 20-72h p.i.) of infection (Rohel et al., 1983; Smith et al.,
1983a). The polyhedrin protein is the major component of the matrix of occlusion bodies,
that are formed in the nucleus of baculovirus-infected cells (Rohrmann, 1986). The plO
protein is found associated with fibrillar structures in both nucleus and cytoplasm (Van der
Wilk etal., 1987)and may play a rolein cell lysis (Williams etal., 1989). Polyhedrin and
plO are not essential for virus production in cultured insect cells (Smith et al., 1983b; Vlak
etal., 1988;Williams etal., 1989).Therefore, thepromoters of both genes are in principle
available to drive high-level expression of foreign genes.
In baculovirus expression vectors the polyhedrin promoter has been routinely used to
express foreign genes. Comparison of different polyhedrin-basedexpression vectors showed,
in agreement with promoter studies (Possee and Howard, 1987), that the complete leader
sequence of thepolyhedrin gene isnecessary for high level expression. Higher levels can be
obtained whentheforeign protein isfused toafew amino-terminalaminoacidsof polyhedrin
(Luckow and Summers, 1988;Matsuura etal., 1987).TheplOpromoter hasbeen exploited
less often but proved to be useful in the development of vectors expressing more than one
foreign gene (Brown etal., 1991)or for production of foreign proteins in insect larvaewhen
an intact polyhedron is important for infection (Vlak et al., 1990). Promoter studies have
shown that plO promoter activity, as was previously found for the polyhedrin promoter, is
maximal in the presence of the complete plO leader sequence (Weyer and Possee, 1988).
The promoter structure of polyhedrin and plO is very similar. It is AT-rich, contains
a conserved 12-nucleotide long consensus sequence, which includes the TAAG motif
characteristic for baculovirus lategenes (Blissard and Rohrmann, 1990).Transcripts ofboth
genes can be detected in abundance at equivalent levels (Smith etal., 1983a)and polyhedrin
ans plO can accumulate to 50% of the total cell protein content at the end of the infection.
These observations raised the question whether simultaneous expression of both the
polyhedrin and plO gene results in limited synthesis of each of the individual proteins. In
other words, would it be possible to increase the expression level of one of these genes by
deleting the other. Viral or cellular factors involved in polyhedrin and plO promotercontrolled expression may be limiting to obtain a maximum level of expression. In all
expression vectors constructed so far, both promoters are active.
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In order to investigate this question various recombinant viruses were analysed in
whichvariousdeletionsinthepolyhedrin geneweregenerated. TheplOcodingsequencewas
replaced by a copy of the lacZ gene to serve as a marker for plO promoter-driven
expression. It is concluded that the polyhedrin and plO gene are independently regulated.
METHODS
Cell culture and virus
The Spodopterafrugiperda cell-line IPLB-SF-21 (Vaughn et al., 1977) was used and
maintained in plastic tissue culture flasks in TNM-FH medium (Hink, 1970) supplemented
with 10% foetal calf serum. When used for quantitativeprotein analysis, cellsadapted to the
protein-free Ex-cell 400™ medium (JR Scientific, Woodland, California) were used. The
multiplecapsid form ofAutographacalifornica nuclear polyhedrosis virus (AcMNPV) strain
E2 (Smith and Summers, 1978) was used as wild-type (wt) virus.
Escherichia coli strain DH5a (Gibco-BRL) was used for the bacterial cloning of
transfer vectors.
Construction of polyhedrin transfer vectors
All DNA manipulation was performed following the techniques described by Sambrook et
al. (1989). Restriction enzymes and T4 DNA ligase were from Gibco-BRL; calf intestinal
alkaline phosphatase was from Boehringer Mannheim. The plasmid pAcRP23 (Possee and
Howard, 1987) was a gift from Dr R.D. Possee (NERC Institute of Virology and
Environmental Microbiology, Oxford, UK).PlasmidspAc611(LuckowandSummers, 1988)
and pAc360-ß-gal (Summers and Smith, 1987) were a gift from Dr M.D. Summers (Texas
A & M University, College Station, Tx, USA). The structure of the various polyhedrin
transfer vectors used, including the derivatives described below, are depicted in Fig.2.1.
Plasmid pAcJR2 was constructed by replacing the 1.9 kbp Sphl-BarriHl fragment of
pAcóll by the homologous Sphl-BarriHl fragment from pAcRP23. pAcJR2 contained the
complete polyhedrin leader sequence followed by a multiple cloning region with a BamHl,
Smal, Sstl and £coRI-site. Plasmid pAcJR2 was linearized with BamHl and treated with
alkalinephosphatase. A3.8 kbpBglll-BamHlfragment derived from plasmid pCHHO (Hall
et ah, 1983), carrying the lacZ gene, was isolated and inserted in the linearized pAcJR2
giving plasmid pAcES3. The orientation of the insert was checked by restriction enzyme
analysis. The lacZ gene used is a chimeric gene with E. coligpt and trpS sequences at the
N-terminus to provide the ATG start codon. To obtain plasmid pAcM07 plasmid pAcJR2
wasdigested withZscoRVandSmalandthe8.5 kbpfragment wasisolatedand recircularized.
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Plasmid pAcM07 lacks the0.1kbp fragment containing thepolyhedrin promoter and leader
sequences.
Construction of plOtransfer vectors
The 1.9 kbp plO-specific EcoRl fragment of AcMNPV was excised from plasmid pAcR159
(Smithetal., 1983a)and ligated toM13mpl8 RFDNA that hadbeen linearized withEcoRI.
Site directed mutagenesis was performed as described by Zoller and Smith (1984) with a
primer designed to replace theplOcoding sequence from position +2 to +282, just in front
of the TAA stopcodon, by a multilinker containing a BamHl, Smal and Hinâlll-site. The
resulting 1.6 kbp EcoRI-fragment was cloned intopUC4, yielding pAcJJ2. The structureof
pAcJJ2 and its derivatives are shown in Fig. 2.2.
PlasmidpAcJJ2waslinearized withBamHlandtreated withalkalinephosphatase. Into
this linearized vector the same 3.8 kbp BgRllBamHl fragment carrying the lacZ gene as
mentioned above was inserted, resulting in plasmid pAcRK2.
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Figure 2.1. Schematic representation of AcMNPV polyhedrin-derived transfer vectors. The structure of the
various transfer vectors is given as compared to the wild type (wt) AcMNPV genome segment. The arrows
indicate the mRNA start site and the direction of transcription. Position +1 and +735 are the original
translational start and stopof polyhdedrin. The hatched area indicate the polyhedrin coding sequence. pAcóll
has been described in detail by Luckow and Summers (1988), pAcRP23 by Possee and Howard (1987) and
pAc360-ß-gal by Summers and Smith (1987).
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Figure 2.2. Schematic representation of theAcMNPVplO-derived transfer vectors. TheDNA sequence of the
transfer vectors is aligned with the wild type (wt) AcMNPV genome segment. The arrows indicate the mRNA
start site and the direction of transcription. Position +1 and +283 are the original translational start and stop
of plO. The dotted area indicates the plO coding sequence.

Transfection and plaque purification
For transfection experiments viral DNA wasextracted from budded virionsaswasdescribed
previously (Vlak et al, 1988). Recombinants AcES3 and AcRK2 were obtained by
cotransfecting SF-21cells with 1/tg wt AcMNPV DNA and 10figplasmid DNA (pAcES3
or pAcRK2) using thecalcium phosphate precipitation technique essentially as described by
Smith et al. (1983b) with some minor modifications (Vlak et al, 1988). Double
recombinants AcMOl, AcM02 and AcM03 resulted from cotransfections of AcRK2 viral
DNA with pAcJR2, pAcM07 or pAcES3 plasmid DNA, respectively.
Recombinant viruses were selected and plaque purified at least four times to obtain
genetic homogeneity. Recombinant AcRK2 plaques were selected as blue-colouring plaques
upon addition of 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal, Boehringer
Mannheim).Recombinant AcES3andthedoublerecombinantsAcMOl, AcM02and AcM03
were selected as blue colouring plaques without polyhedra (Summers and Smith, 1987).
Analysis of recombinants
To analyze recombinant viruses, DNA was extracted from infected cells at 48 h p.i.
essentially as described for mammalian cells (Miller et al, 1988). The BamUl restriction
pattern was analysed on a 0.7% agarose gel. At the same time p.i. samples were taken for
protein analysis according to Laemmli (1970) in a 13.5% SDS-polyacrylamidegel.
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