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ABSTRACT

Infections of insect ceIls by baculoviruses are characterized by distinct early and late

temporal phases with a transition demarcated by the beginning of viral DNA replication. Three

processes characteristic of baculovirus infection occur during the late phase: (1) the production of

two phenotypically distinct types of virions. (2) the occlusion of one of these virion types in largo>

proteinaceous structures. and (3) the appearance of a novel DNA-directed RNA polymerase

activity that is responsible for baculovirus late gene expression. Many of the polypeptide

components of the late phase processes remain to be elucidated. The identification and

characterization of two baculovirus late proteins are described in this thesis. The first. gp37 or

SLP. is a glycoprotein that represents the major component of spindle-shaped crystal structures

which are olten observed at the nuclear membrane of infected cells. Purified spindle bodies are

associated with an alkaline protease activity. The second late protein. pl8/83. is a

phosphoprotein associated with an end-structure of the nucleocapsids. It forms complexes with

other infected-cell proteins and copurifies with the virus-induced RNA polymerase activity through

a number of chromatographic steps.
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RESUME

L'infection de cellules d'insecte par les baculovirus se caractérise par deux phases

temporelles distinctes. l'une précoce et l'autre tardive. La transition entre ces phases est

délimitée par le début de la réplication du DNA viral. Trois événements caractéristiques de

l'infection à "aculcvirus adviennent lors de la phase tardive: (1) la formation de deux types

pho!>notypiquement distincts de virion, (2) l'inclusion d'un de ces deux types dans une structure

protéinique de grande taille. et (3) l'apparition d'une activité RNA potymérase DNA-dépendante

spécifiquement responsable de "expression tardive de certains gènes viraux. La plupart des

composants polypeptidiques impliqués dans les événements de la phase tardive restent à

déterminer. L'identification et la caractérisation de deux protéines tardives du baculovirus font

l'objet de notre travail. La première, gp37 ou SLP, est une glycoprotéine représentant le

composant ITI3jeur de structures cristallines en forme de fuseau qui sont souvent observées au

niveau de la membrane nucléaire des cellules infectées. Nous avons montré que les structures

cristallines fusiformes purifiées et incubées en milieu alkalin présentent une activité protéasique.

La seconde protéine tardive décrite. p78183. est une phosphoprotéine associée à une structure

présente à "extrémité des nucléocapsides. Dans les cellules infectées. p78183 forme différents

complexes en s'associant à diverses protéines; elle est également détectée à travers des étapes

chromatographiques successives destinées à purifier l'activité RNA polymérase induite par le

baculovirus.

i
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PREFACE

ln accordance with the guidelines concerning thesis preparation, and with the approval of

the Departmenl of Microbiology and Immunology, the experimental portion (Chapters 2-5) of this

thf!sis is presented in the form of original papers. A provision in the guidelines concerning thesis

preparation reads as follows:

The candidate has the option. subject to the apprvval of their Department, (If including, as

part of their thesis, copies of the teXl of a paper(s) submined for publication, or the c1early­

duplicated texi of a published paper(s), provided that these copies are bound as an

integral part of the thesis.

If this option is chosen, connecting teXls. providing logical bridges between the

different !"lpers, are mandatory.

The thesis must still conform to ail other requirements of the "Guidelines Concerning

Thesis Preparation" and should be in a Iit..oary form that is more than a mere collection of

manuscripts published or te be published. The thesis must include, as separate chapters

or sections: (1) a Table of Contents, (2) a general abstract in English and French, (3) an

introduction which c1early states the rationale and objectives of the study, (4) a

comprehensive general review of the background literature to the subject of the thesis,

when this review is appropriate, and (5) a final overall conclusion and/or summary.

Additional malerial (procedural and design data. as weil as descriptions of equipmenl

used) must be provided where appropriate and in suffieient detai! (eg. in appendices) to

allow a clear and precise judgmentto be made of the importance and originality of the

research reported in the thesis.

ln the case of manuscripts co-authored by the candidate and others, the candidate is

required to make an explicit statement in the thesis of who contributed to such work and

to what eXlent: supervisors must atlest to the accuracy of such clairns at the Ph.D. Oral

Defense. Since the task of the examiners is made more dilflCult in these cases. it is in the

candidate's interest to make perfeclly clear the responsibilities of the different authors of

co-authored papers.

With respecl to these conditions, 1have included as Chapters of this thesis. four original

papers: IWo which have been published. and IWo which have been submitled in a slightly

modified format for publication. Chapters 2-5 each contain an Abstract. Introduction. Materials

iv
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and Methods. Results. and Discussion section. Chapters 3 to 5 also contain a prelace that

serves to connect the teXls and bridge the manuscripts. A general Introduction (Chapt'" 1).

which is in press lor publication as a book chapter. and an overall Conclusion and Summary

(Chapter 6) have also been included. The relerences for ail the chapters in the body of the

thesis are listed in alphabetical order al the end of the thesis. An addendum containing two

published manuscripts that describe sorne ,,1 the techniques used in these studies is lound

following the References section.

The manuscripts in order of their appearance in :he thesis are:

1.Vialard. J.E.. Arif. B., and Richardson. C.D. 1995. Introductiop to the molecular biology 01

baculoviruses. In Methods in Molecular Biology. Vol. 10: Baculovirus expression

protocols. Richardson. C.D.. ed. Humana Press. Totowa, NJ. In press.

2.Vialard, J.E.. Yuen, L.. and Richardson, C.D. 1990. Identification and characterization 01 a

baculovirus occlusion body glycoprotein which resembles spheroidin, an

entomopoxvirus protein. J. Virol. 64, 5804-5811.

3.Vialard, J.E., De Moerlooze, L.. and Richardson, C.D. 1994. Characterization of

baculovirus and entomopoxvirus spindle proteins. Submilled.

4.Vialard, J.E. and Richardson, C.D. 1993. The 1,629-nucleotide open reading frame

located downstream of the Autographa ca/i/ornica nuclear polyhedrosis virus polyhedrin

gene encodes a nucleocapsid-associated phosphoprotein. J. Virol. 67, 5859-5866.

5.Vialard, J.E., lorio, C., Lagacé, M., and Richardson, C.D. 1994. Late gene products

associated with the nucleocapsid phosphoprotein (p78183) and RNA polymerase of

Autographa ca/ifomica nuclear polyhedrosis virus. Submilled.

v
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The manuscripts included in the addendum are:

1.Vialard. J .. Laillmière. M.. Vernet. T.. Briedis. 0 .. Alkhatib. G.. Henning. O., Levin. 0 .. and

Richardson. C. 1990. Synthesis of the membrane fusion and hemagglutinin proteins of

measles virus. using a novel baculovirus vector containing the B-galaclosidase gene. J.

Virol. 64. 37·50.

2.Richardson. C.O.. Banville. M.. Lalumière. M.. Vialard. J .. and Meighen. E.A. 1992.

Bacterial luciferase prodllced with rapid·screening baculovirus veclors is a sensitive

reporter for infection of insect cells and larvae. Intervirol. 34. 213·227.

As atlested to by the Ihesis supervisor (Dr. Christopher Richardson). 1was responsible for ail the

research described in Chapters 2 to 5 and preparation of this thesis with the following exceptions:

Leonard Yuen performed the data bank search descnbed in the Resutts section of Chapter 2.

Christopher Richardson performed the immunofluorescence studies presented in Figure 5 of

Chapter 2.

Caterina lorio purified the virus·induced RNA polymerase activity described in Figures 3. 4,

and 5 of Chapter 5.

Monique Lagacé and Caterina lorio were responsible for the production of the LEF·8

antibodies and subsequent immunoblot analysis descnbed in Figures 3, 4, and 5 of Chapter

5.

Laurence De Moerlooze purified the Choristoneura biennis entomopoxvirus occlusion bodies

and performed subsequent eleetron microscopy studies on them (presented in Figure 3 of

Chapter 3), She also performed the PepTag protease assays described in Figure 6 and the

amino acid sequence alignment descnbed in Figure 4 of Chapter 3.

Laurence De Moerlooze and 1were equally responsible for purification of spindie bodies

described in Chapter 3 and the writing of the manuscript.

The section of Chapter 1 entitled "Baculoviruses as Expression Vectors and Engineered

Insecticides" was written by Basil Arif.

vi
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The baculovirus life cycle iigure presentee! in Chapter , was generatE'd by Cathy loric.

Figure "3 of Chapter , depicting the baculovirus genome was created by O:lrius Bilimori:l .
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CONTRIBUTIONS TO ORIGINAL KNOWLEOGE

1have shown Ihal an open reading frame in the Autographa ca/ifornica nuclear polyhedrosis

virus genome shares significant homology to Ihe open reading frame encoding an

abundant protein presenl in purified Choristoneurâ biennis entomopoxvirus occlusion

bodies.

•

2. 1demonstrated Ihal the baculovirus protein (SLP or gp37) is produced late in baculovirus

infection in relatively smaU amounts.

3 • 1have shown, by lunicamycin Irealment of ceUs infected with recorTIbinant baculoviruses

overexpressing gp37 and the enlomopoxvirus homologues. Ihat both proleins are

glycosylated.

4 • 1have shown thatthe majority of gp37 is associated with the nucleus of baculovirus-infected

ceUs and thatthe migration of gp37 10 the nucleus is a relatively slow event.

5 • 1have shown that gp37 is associated with spindle-shaped bodies that are olten associated

with the nuclear membrane of Autographa ca/ifornica nuclear polyhedrosis virus-infected

ceUs.

6 • 1 have demonstrated that gp37 and the entomopoxvirus homologue are the major

components of their respective purified spindle bodies.

7 • 1 have demonstrated that solubilization of purified gp37 and the Choristoneura biennfs

entomopoxvirus homologue in alkaline conditions resembling those of the insect midgut,

results in proteolytic cleavage at the carboxyl terminus of bath proteins. A dye-Iinked

peptide protease assay was subsequenUy employed to study the proteolytic activity.

8 • 1have generated a mutant baculovirus that contains an interruption in the gp37 ORF. 1have

used this virus to infect insect larvae and ceUs in culture. and have demonstrated that gp37

is not essentialto the virallife cycle in either infection.

9. 1have identified a baculovirus protein (P78183) that is expressed Iate in infection as a pair of

polypeptides of 78 and 83 kOa.

1 O. 1have shawn by immunoprecipitation of short·term Iabeled infected ceUs. that the 78-kOa

protein is a precursor of the 83-kOa form.

vJÏi
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11. 1have demonstrated that both forms of the prolein are equally distributed in cytoplasmic and

nuclear fractions of baculovirus·infected cells.

1 2. 1have shown through radiolabeling and phosphatase treatment of p78183 that the 83-kOa

protein represents the phosphorylated form of the 78-kOa polypeptide.

1 3. 1have demonstrated that p78183 copurifies w~h both types of baculovirus virions, occluded

and budded. Treatment of the purified virions with detergent to remove the virus

envelopes demonstrated that both forms of the protein are associated with the

nucleocapsid.

14. 1have shown, by immunoelectron microscopy, that p78183 Iocalizes to an end-structure of

mature virions embedded within occlusion bodies and to regions surrounding the virogenic

stroma where nucleocapsid assembly is !houghtto occur.

1 5. 1have demonstrated that p7eJ83 forms a relatively stable complex(es) with various proteins

in the nucleus of baculovirus-infected cells.

1 6. 1have confirmed the association of p78183 with the nucleocapsid by demonstrating that ~

coimmunoprecipitates with p39, the major baculovirus capsid protein, in partlially denaturing

conditions.

1 7. 1have shown that p78183 is present in a complex with pp31. a nuclear matrix·associated

baculovirus phosphoprotein.

1 8. 1have demonstrated that p7eJ83 copurifies through several chromatographie steps with a

baculovirus-induced RNA polymerase activity. The presence of pp31 in the fractions

containing RNA poiymerase activ~ mirrors that of p78183•

ix
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RESEARCH OBJECTIVES AND THESIS OUTLINE

Although the molecular biology of the baculoviruses has gained substantial attention since

the advent of the baculoviruslinsect œil expression system, many of the proteins encoded by this

complex virus have only recently been identified and the majority have not been characterized.

The recent release of the entire genomic sequence of AcNPV (Ayres et al., 1994) should greatly

facilitate these studies. The baculoviruses are complex viruses that encode a large number ~·f

genes, many of which are homologous to insect host genes. These homologues appear to be

required for suppression of host processes or are used for replication of the virus. The late phase

of baculovirus infection is charactenzed by three events: (1) the appearance of a virus-induced

RNA polymerase required for transcription of the late and very late gene classes: (2) the

production of two types of virions which are required, independently, for the infection of cells

within an insect and for horizontal (insect-to-insect) transmission: and (3) the production of

occlusion bodies (OBs) late in infection for the protection of occluded virions outside of the

infected insect. This thesis focuses on the identiflCStion and characterization of baculovirus laIe

proteins and their invoivement in events of the Iate phase of infection. The thesis is presented as

a collection of manu~criptsdescribing the identification. biochemical characterization, cellular

iocalization. and funclional analysis of two baculovirus Iate proteins.

Chapter 2 reports the identification of a baculovirus protein (SLP or gp37) homologous to

an abundant protein which is present in entomopoxvirus occlusion bodies. We describe its

e>.-pression. and demonstrate that this protein is glycosylated and copurifies with baculovirus

polyhedra. In Chapter 3 we extend these studies to demonstrate ~s rate of synthesis. cellular

iocalization. and presence in nuclear membrane-associated crystal structures. We alsa describe

the solubilization of these crystal structures and report a protease activ~ associated with the

purified cryslals.

Chapter 4 presents the identification and characterization of a phosphoprotein (p78/83)

which is associated with baculovirus nucleocapsids. We describe ils expression. synthesis,

1
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cellular localization. and association w~h an end-structure of the nucleocapsid. In Chapter 5. this

phosphoprolein is analyzed further and we demonstrate its association with other infected-cell

proteins and the virus-induced RNA polymerase.

Chapter 6 summarizes the work described in previous chapters and suggests possible

functions for the two late proteins in baculovirus infection. It aise suggests avenues that may be

pursued in future studies of these proteins.

Following the main body of the thesis. an addendum containing IWo published manuscripts

pertinent to the thesis is included. The manuscripts describe the construction of baculovirus

expression vectors used in these studies.

2
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CHAPTER 1

Introduction To The Molecular Biology Of Baculoviruses

3
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INTRODUCTION

Over the last 10 years, baculovirus expression vectors have become a very popular and

effective means with which to produce recombinant proteins in large quantities (Luckow and

Summers, 1988; O'Reilly et a/., 1992; King and Possee. 1992; Maeda, 1989a; Kidd and Emery;

1993). Posttranslational modifications of the gene products of these insect viruses closely parallel

glycosylation, fatty acid acylation. and phosphorylation in mammalian cells (reviewed in Luckow.

1991). Scale-up of insect cells in culture has aise been largely perfected. making purification of

large quantities of recombinant proteins a reality (Van Lier et a/.. 1992). In addition. baculoviruses

offer an ecologically acceptable and effective alternative to chemicals for the control of forest and

agricultural insect pes's (Wood and Granados. 1991; Huber. 1986). Their demonstrated safety as

expression vectors and pest management tcols is the result of limited host specificity and Iack of

resemblance to mammalian viruses. The deveicpment of the baculovirus expression system was

facilitated by the establishment of insect cell Iines that support the replication of one subgroup.

the nuciear polyhedrosis viruses (NPVs). The ability to propagate baculoviruses in cell culture has

also allowed extensive study of their molecular biology (Blissard and Rohrmann. 1990). The

model virus in these studies is the Autographa ca/ifornica NPV (AcNPV). Although it wa~ first

isolated from the alfalfa Iooper (Autographa ca/ifomica). it multiplies readily in ceillines derived from

both the fall armyworm (Spodoptera frugiperda) and the cabbage lcoper (Trichop/usia ml. Most

expression vectors are based on AcNPV infection of Spodoptera frugiperda cells. However. the

production of helerologous proteins in silkworm (Bombyx mari; Bm) Iarvae relies on infection with

recombinant BmNPV (Maeda. 1989a). The baculovirus expression system is based on

introductî?n of the foreign gene into nonessential regions of the viral genome through allelic

replacement. Production of the recombinant protein is achieved following infection of insect cells

or Iarvae with the newly engineered virus.
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CLASSIFICATION

The Baculoviridae are a lamily 01 double-stranded DNA viruses that infect a variety 01

arthropods. They can be divided into two sublamilies (Francki et al.. 1991); the Eubaculovirinae

(occluded baculoviruses) and the Nudibaculovirinae (nonoccluded baculoviruses).

Eubaculovirinae infect the Iarvae 01 Lepicfoptera. Coleoptera. Diptera. Hymenoptera. Neuroptera.

Siphonoptera. Thysanura. and Trichcptera. and even some crustaceans. such as shrimp and

crabs (Aclams and McClintock. 1991; Couch. 1991). Members 01 the Nudibaculovirinae include

the palm rhinoceros beeUe (Oreyres rhinoceros) virus. the Hz-1 virus. and the cricket (Gryllus

campestris) virus (Huger and Krieg. 1991). The Eubaculovirinae produce crystalline

proteinaceous structures called occlusion bodies (OSs) (Figs. 1 and 2). which are absent in the

Nudibaculoviridae. Virions embedded within these OSs are protected from environmental

inactivating factors such as UV light. desiccation. and nucleases. The Eubaculovirinae subfamily is

made up of two genera (granulosis and nuclear polyhedrosis viruses) which are distinguished by

the major protein that constitutes the OS matrix. The granulosis virus OSs are generally small

(0.25-0.5 J,lm). contain a single virion. and are composed of a protein called granulin (Tanada and

Hess. 1991). The NPV OSs are much larger (1.15 J,lm diameter) and are composed of the closely

related polyhedrin protein (Rohrmann. 1986). NPV OSso or polyhedra. usually contain a large

number of virions embedded within the matrix. NPVs can be further separated into two

subgenera depending on the number of nucleocapsids surrounded by a comman membrane;

MNPVs and SNPVs contain multiple and single nucleocapsids. respectively. However. this

difference does not seem to be phylogenetically important. Most baculoviruses identified thus far

are very host-specifie. and the majority of EUbaculovirinae have been isolated from Iarvae of the

Lepidoptera family. A survey of different baculoviruses with excellent electron photomicrographs

can he found in the Atlas of Invertebrate Viruses (Aclams and McClintock. 1991; Couch, 1991;

Tanaclaand Hess, 1991; Hugerand Krieg.1991).
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Figure 1. Life cycle of a baculovirus in an infected insect cell. Two populations of virtls are

lormed: occluded or polyhedron-derived virions (PDV) accumulate in the nucleus and budded

virions (SV) mature at the plasma membrane of the oost cell. In nature, occlusion bodies serve to

proteet the virus from the environment (UV light and desiccation); they are ingested by larvae and

become solubilized in the gut, releasing virions that attacÏt and fuse with the cells of the midgut.

The nucleocapsid is targeted to the nucleus, where replication and transcription occur. SV

promotes seeondary infection to adjacent cells. The virus spreads to the ovaries. fat bodies. and

most endothelial cells via the tracheal system.
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Figure 2. Autographa californica nuclear polyhedrosis virus·infected Sf9 insect cells. Various

features common to a baculovirus infection in Sf9 cells are indicated. Occlusion bodies or

polyhedra (P) containing virions (V) are present in the nuclei. Surrounding each occlusion body is

a polyhedral envelope. Replication and assembly of viral nucleocapsids occur in the nucleus in

association w~h the virogenic stroma (VS). PlO is associated w~h fibrillar structures (FS) which are

found both in the nucleus. and the cytoplasm. Electron-dense spacers (ES) are assoc.iated with

FS within the nucleus. ES are believed to be involved in the formation of the polyhedral envelope

whereas FS favor Iysis of the cell following virus maturation. Spindle bodies (S) that contain gp37

are diamond·like structures that are associated ~h the nuclear membrane and can sometimes be

found in the cytoplasm. Their function is currenUy unknown.
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NATURAL INFECTION OF INSECT LARVAE

Saculovirus infection is characterized by the production of IWo structurally and functionally

distinct types of virio~s, the occluded or polyhedra-derived virion (PDV) and the extracellular or

budded virion (SV), The PDV type, which is responsible for primary infection, is embedded within

the matrix of newly formed OSs (Rg. 2) and is rcquired for dissemination in the environment. In a

natural infection, larvae ingest PDV-containing OSs that contaminate their food. The alkaline

environment of the insect midgut causes the polyhedra to dissolve releasing the embedded

virions. The liberated PDVs infect midgut columnar epithelial cells by a process of receptor­

mediated membrane fusion (Horion and Surand, 1993). These infected ceUs produce the SV

type. which is required for secondary infection. The SV is responsible for systemic spread within

insects and is also the type that infects ceUs in culture. Cellular entry of the SV occurs through

receptor-mediated adsorptive endocytosis (Volkman and Goldsmith; 1985; Charlton and

Volkman, 1993). Although il was previously thoughtthat the spread of infection within the insect

occurred via hemocytes in the hemocoel (Granados and Lawler. 1981; Keddie etai.• 1989), this

role has been recenUy ascribed to ceUs of the tracheal system (Engelhard et al,. 1994). The

lracheal system provides access to various tissues, such as the ovaries. fat bodies. and most

endothelial ceUs where both SV and PDV are produced. Studies of baculovirus infection in cell

culture have revealed a number of 13ndmark events. Following penetration of the plasma

membrane. the nucleocapsids move toward the nucleus by a process that appears to require the

formation of aclin microfilaments (Charlton and Volkman. 1993), At the nucleus. the

nucleocapsids are uncoatOO. and the DNA is released. At about this time. the nucleus becomes

enlargOO. and a distinct electron-dense granular structure, callOO the virogenic stroma, is forrnOO

(Fig. 2). This structure is associatOO with the nuclear matrix and is thought to be the site of

nucleocapsid assembly (Granados and Lawler, 1981; Fraser, 1986). Viral transcription and

replication may also take place at the virogenic stroma. Sy 12 hours postinfection, progeny SVs

are producOO and are releasOO into the extracellular comparlment. PolyhOOra begin to te forrnOO

soon thereafter. and mature PDVs (surroundOO by an envelope) become occludOO. FeOOing
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continues throughout infection (5-7 days) during which large numbers of OBs (up to 25% of the

dry weight of the insect) accumulate in the infected cells. The production of large numbers of OSS

results from hyperexpression of the polyhedrin gene. The polyhedrin protein is generally

essential for in vivo infections of larvae. but is expendable in infections of cultured cells. Most

baculovirus expression vectors exploit this phenomenon by substituting a foreign gene for the

coding sequence of polyhedrin. Eventually. the infected insect stops feeding and undergoes

several rapid physiological changes. Ils cuticle melanizes. the musculature becomes f1accid. and

the larva liquefies. Larval disintegration results in release of the OSso which are subsequently

dispersed in the environmenl. The baculovirus life cycle is summarized in Fig. 1.

VIRUS STRUCTURE AND ASSEMBLy

The AcNPV nucleocapsid is bacilliform in shape. measures 35-40 nm x 200-400 nm and

contains a circular, double-s1randed DNA genome of approximately 134 kb that has been recently

sequenced in its entirety (Ayres et al., 1994). Baculovirus DNA is tighUy associated with a

protamine-Iike protein known as p6.9 (Tweeten et al.. 1980; Wilson et al.. 1987). The resulting

DNA-protein complex forms the core of the nucleocapsid. In addition to p6.9, several other genes

encoding nucleocapsid proteins have been identified. The most abundant protein in purified

nucleocapsids is p39. the major capsid protein (Thiem and Miller. 1989b). Immunoelectron

microscopy studies demonstrated its distribution throughout the length of the nucleocapsid

(Russell et al., 1991). A similar Iocalization is observed with p24, a minor nucleocapsid protein

(Woigamot et al., 1993). In contrast to the two previous proteins, p78183, a proline-rich

phosphoprotein. is associated with end structures of the nucleocapsids (Possee et al.. 1991;

Vialard and Richardson, 1993). The precise Iocalization of pB7, a fourlh nucleocapsid protein, has

not been established (Mailer et al., 1990).

A model for nucleocapsid morphogenesis proposes that viral DNA is condensed by

association with the· basic p6.9 protein to form the core, whereas the capsid is assembled

independenUy. The nucleoprotein complex enters the capsid through one end to form the
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mature nucleocapsid (Fraser. 1986). A baculovirus encoded phosphoprotein. pp31. binds DNA

nonspecifically. colocalizes w~h the virogenic stroma (Fig. 2). and is tightly associated w~h the

nuclear matrix. It may play a role in packaging or. alternatively. in viral transcription and/or

replication (Guarino and Smith. 1990; Guarino et al.. 1992). Following assembly. nucieocapsids

destined to become BV pass through the nuclear membrane and acquire a temporary envelope

containing the virus-encoded protein. p16 (Oellig et al.. 1987; Gross et al. 1993b). This envelope

is associated with the BV as it passes through the cytosol. but is lost when the virus buds through

the plasma membrane. At the cell surface. the nucleocapsid acquires a looselv fitting envelope

that contains the BV envelope glycoprotein. gp67 (Wh~ford et al.• 1989; Blissard and Rohnnann.

1989). This prot",in. which may he present in peplomer-like structures at one end of the virion. is

required for BV infectivity by pH-dependent fusion (Blissard and Wenz. 1992). The

nucleocapsids destined to become PDVs remain in the nucleus and acquire a de novo envelope

of unknown origin. In MNPVs. several nucleocapsids may be included within a single tight-fitting

envelope. At least three distinct prote:ns are associated with PDV. but not BV virions. Two of

these. p25 and gp41. appear to be associated w~h the PDV envelope (Russell and Rohnnann.

1993; Nagamine et al.. 1991; Whitford and Faulkner. 1992a and b). A third protein. p74. is not

essentialto viral replication in cell cutture. but is required for Iarval infection following ingestion of

OBs (Kuzio et al.• 1989). Ils precise location is not known.

As previously mentioned. the major component of the OB is polyhedrin. a protein that is

highly conserved among the NPVs (Rohnnann. 1986). Surrounding the matrix of the OB is a

structure called the polyhedral envelope (PEl or calyx (Fig. 2). This structure has been reported to

he rich in carbohydrate (Minion et al.• 1979). but also contains a proteinaceous component. called

pp34 or PE protein (Whitt and Manning. 1988; Gombart et al.• 1989b; Russell and Rohnnann.

1990a). The PE may increase stability of the OB; interruption of the pp34 gene resulls in the

production of OBs that are more senswe to weak alkali conditions than wild-type OSS (Zuidema et

al.. 1989). A third gene that is involved in OB fonnation is p25 or few polyhedra (FP). Insertions of

cellular DNA that interruptthis gene result in an FP phenotype (Bearns and Summers. 1989)•
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However, il is not known whether this protein participates in OS formation directly or indirectly. A

second hyperexpressed protein. p10, forrr.s fibrous networks in the nucleus and cytoplasm of

infected cells (van der Wilk et al.. 1987: Williams et al.. 1989) (Fig. 2). These p10·containing

structures are associated wilh electron-dense spacers that form in the infected-cell nucleus. The

spacers contain pp34 and arc thought to be developing PE (Russell and Rohrmarm, 1990a; van

Lent et al.. 1990). An association between p10 and microtubules has also been reported

(Volkman and Zaal, 1990). Disruption of the p10 gene results in mutants with varying

phenotypes. Some mutants displayed aberrant allachment of PE, which resulted in the

production of OSs sensitive to mechanical stress (Williams et al., 1989). Other p10 deletion

mutant studies suggest that il is involved in cell Iysis late in infection (van Oers et al.• 1993).

Deletion of the p10 protein prevented release of polyhedra from infected cells, presumably

because of impaired nuclear disintegration. A protein called gp37. or SLP, shares homology with

a major OS component of another insect virus family, the Entomopoxviridae. Il forms spindle­

shaped inclusions that are found bath in the cytoplasm (Dall et al.• 1993: Gross et al.• 1993a:

Vialard et al., 1990b) and associated wilh the nuclear membrane and may contain a proteolytic

activity (Vialard et al., submitted). A review describing studies on baculovirus structural proteins

was recently compiled by Rohrrnann (1992).

ln addition ta the structural proteins descnbed above, the baculoviruses encode a number

of regulatory proteins. These include a ubiquitin-like factor, Zn/Cu dismutase, protein kinases,

PTPase, ecdysosteroid UDP-glucosyltransferase, proliferating cell nuclear antigen (PCNA), DNA

polymerase, helicase, chitinase, cysteine protease, and a protein that blocks apoptosis. A

summary of the genes encoded by AcNPV that are known at this point is shawn in Ag. 3 and

Table 1. For a more detailed description of baculovirus genes and references pertaining ta these

genes, the reader is referred ta Ayres etal. (1994) and a review by Kooi and Vlak (1993).
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Figure 3. Genes and open reading frames on the genome of Autographa ca/ifornica nuclear

polyhedrosis virus which have been identified to date. The Kpnl. BamHI. Bg~l. Psfl. HindlII. and

EcoRI restriction fragments of the circular dsDNA genome of AcNPV are classified using

alphabeticalletlers. The locations of the genes on the 134 kb genome are indicated as positions

from 0-100 map units. Further information conceming the genes and their proposed functions is

Iisted in Table 1.
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Table 1. AcNPV Genes and Open Reading Frames
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Table 1. AcNPV Genes and Open Reading Frames.

CLASSA DESIGNATION DIRECTION FUNCTION

VL PTPase (19kO) R protein·tyrosine phosphalase

L ORF 984 (38kO) L ?

L ctl (5.6kD) L conotoxin

E ORF 453 (17kD) L ?

V ORF327 R ?

L lef-2 (24kD) R laIe expression faclor

L ORF 603 (24kO) L ?

VL polh (29kO) R potyhedrin

L p78183 L nucleocapsid-associaled phosphoprolein

VL pk R prolein kinase?

? ORF 1020 L ?

E lef-1 (31kO) L laIe expression faclor

E egt (57kO) R ecdysosleroid UDP-glucosyltranslerase
~ da13 L ?r

E da26 R ?

1

L

1

da18

1

R

1

?

1E da41 L ?

1

L

1

ORF324 FR

1

?

1

? ORF975 L ?

L ORF963 R ?

1

? ORF 276

1

L

1

?

1

L ORF648 R ?

EIL ORF2070 R ?

\1

? ORF405

1

L

1

?

1? ORF615 L ?

1

? ORF858

1

R

1

?

1

? ORF507 R ?

? ORF 1062 L ?

L SOO (16kO) R Culln superoxide dismUlase

? 17kO ORF L ?

? 25kO ORF L ?

L v-ubi R ubiquitin-like

\EIL pp31 L nuclear malrix-associated protein

~
E 13kO ORF L ? ~

I-----+-----I---R-~I--------:?:------­
.? 14kO ORF .



CLASS· DESIGNATION DIRECTION" FUNCTION

E ORF 1089 L ?

E p47 L laIe expression factor

1

?

1

p79

1

R

1

?

1ElL els (10kD) L ?

E elm L ?

E pcna (eU: 28kO) L proliferaling cell nuclear antigen

? 21kO ORF R ?

? 7kO ORF L ?

? lef-8 L laIe expression factor

? 10kO ORF L ?

1

?

1

16kO ORF

1

R

1

?

1? 11kO ORF R ?

? 9.6kOORF L ?

? 6kD ORF R ?

UVL FP (25kO) L few polyhedra phenotype

? ORF 474 R ?

L gp37 (spindolin) L enlomopoxvirus spindolin homologue

E ONApoI (114kO) L ONA polymerase

1

E

1

lef·3

1

L

1

laIe expression factor

1? ORF 252 L ?

1

?

1

ORF 1137

1

L

1

?

1

L ORF327 L ?

L ORF312 L ?

L gp41 L OV associaled glycoprolein

? ORF699 L ?

? ORF540 L ?

? ORF2541 R ?

E 0930 L zinc fingerlleucine zipper

L p39 (cap) L major capsid prolein

E lef-4 R laIe expression factor

L p25 R OV envelope prolein

E p143·(hel} L helicase

? 18kOORF R ?

? 15kO ORF R ?

1

?

1

19kO ORF , R

1

?

1L 38kOORF L ?
.

Il E lef·5 R laIe expresslon.factor IlUL...-_....L- .l-- -'-- 'I

•
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CLASS' DESIGNATION DIRECTION' FUNCTION

L p6.9 L basic DNA binding protein

L p48 L ?

1

L

1

p80

1

R

i
capsid associated protein

1? HE65 L ?

1
? kinase L ~rlser kinase

? lel-7 L Iate expression factor

1 ? chi L chitinase

L cath R cysteine protease (cathepsin-like)

E gp64 L BV major envelope protein

L ORF 381 R ?

~
?

1

ORF 951

1

R

1

?

1L p24 R capsid associated protein

L gp16 R nuclear membrane protein

LlLV pp34 R polyhedral envelope protein

L 25kD ORF R ?
1 48kD ORF R ?~

E p94 L ?

E p35 R blocks apoptosis

EIL p26 R ?

\VL plO R cyloplasmiclnuclear librous structures

L p74 L essential for OB infectivity in Iarvae

E ME53 L zinc linger

EIL IE·O R lirst exon of IE-l

1

?

1

10kD ORF

1

R

1

?

1
? 49kD ORF R ?

? 43kD ORF R ?

? 23kD ORF L ?

EIL IE-' (67kD) R transactivates early genes

E IE-N (47kD) L modulatss IE-' expression

E pe38 R zinc lingerlleucine zipper

? ORF246 R ?

"Time of transcription is classilied as early (E). Iate (L), or very Iate (VL).
• Direction of transcription is indicated rightward (R) or leftward (L) with respect to the 011 OOh point
in Rgure 3.
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BACULOVIRUS GENE EXPRESSION AND REPLICATION

Baculovirus gene expression is regulated in a cascade-like fashion where activation of each

set of genes relies on the synthesis of proteins from previous gene classes (reviewed in Friesen

and Miller, 1986), This temporal regulation allows the grouping of baculovirus genes into three

phases during infection: early (E), Iate (L), and very Iate (VL). Although most baculovirus genes

can be placed into one of the above classes, some may be transcribed in more than one phase.

The E genes are transcribed prior to viral DNA replication, whereas the Land VL genes are

activated during or alter replication, The late classes are not synthesized in the prerence of

aphidicolin, an inhibitor of DNA replication. The reason for this dependence on viral replication is

not yet known. The L genes are activated before the VL genes and are maximally transcribed over

a short period of time (between 12 and 24 h postinfection), The VL genes are hyperexpressed

following activation of the L genes and remain active weil alter L transcription has dimillished (from

48 h postinfection onwards). The early genes generally encode proteins that are involved in

regulatory functions, such as transcription, replication, and modification of hast processes. Late

genes include BV and PDV structural proteins, whereas VL proteins are thase involved in the

processes of occlusion and celllysis,

Baculovirus E genes are transcribed by the host RNA polymerase II. Consequently,

transcription from the E promoters is abolished in the presence of a.-amanitin, an inhibitor of RNA

polymerase Il (Huh and Weaver, 1990). The involvement of RNA polymerase Il in E gene

transcription was demonstrated by accurate initiation of mRNAs in an in vitro transcription system

using nuclear extracts from uninfected cells (Hoopes and Rohrmann, 1991). Thus, the E

promoters resemble typical eukaryotic RNA polymerase Il responsive promoters that contain DNA

elements which are recognized by hast transcription factors (Krappa et al., 1992; Kogan and

Blissard, 1994).

Previously, the E genes were olten subdivided into immediate early (lE) and delayed early

(DE) components depending on their requirement for viral protein synthesis in transient

expression assays where reporter genes were placed under the control of lE or DE promoters and
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translected into insect cells (Guarino and Summers. 1986a). Under these conditions. lE genes do

not require viral proteins for their activation and are transcribed in uninfected cells. Activation of

the DE genes. however. is dependent on protein products of the lE genes. A distinction

between these two gene classes is not observed in infections and both are expressed even in

the presence of cycloheximide. an inhibitor of protein synthesis. This suggests that additional

factors required for DE promoter activation in transient expression are provided during the initial

phase of infection by proteins associated with the virion. For example. IE·1. a transactivator of DE

genes. has recently been shown to be a component of the BV (Thielmann and Stewart. 1993).

Most lE proteins identified thus far appear to be involved in the regulation of viral

transcription. lE·1 is a 66.9·kDa polypeptide capable of transactivating a number of early and late

promoters in transient expression assays (Guarino and Summers. 1986a; Nissen and Friesen.

1989; Guarino and Summers. 1987; Passarelli and Miller. 1993a). IE·1·mediated activation

requires the presence of hr (homologous repeat) elements in cis with the responsive promoter

(Guarino and Summers. 1986b) and has been recently demonstrated to impart its activity through

binding to hr elements (Guarino and Dong. 1991: Kovacs et al.. 1992). The IE·O protein is a

product of attemative splicing. which results from the utilization of an exon 5' to the IE·1 promoter.

This results in fusion of 54 amino acids to the N·terminus of IE·1 (Chisholm and Henner. 1986;

Kovacs et al.• 1991). The resulting mRNA contains ils own promoter. which is regulated differently

than the IE·1 promoter. Also. the IE-o transacting functions differfrom those of lE·1. For example.

in addition to activating a number of genes. lE·1 negatively regulates IE·O transcription (Kovacs et

al.• 1991). In contrast. IE-1 expression is stimulated by IE·O (~lrson et al.• 1991a). A third lE

protein. IE-N (or IE-2). augments 1E.-1-mediated transactivation moderately. exhibits an

autoregulatory activity. and is downregulated by IE-1 (Carson et al.• 1988 and 1991b). IE-N

contains a zinc linger and a leucine zipper. motns characteristic of some transcription factors. Two

other bacu\ovirus genes, pe-38 and cg·30. also encode these motifs (Krappa and Knebel·

Morsdorf, 1991: Thiem and Miller, 1989a). PE38 stimulates IE-N and p143 (helicase) transcription

in transient expression assays (Carson et al., 1991b; Lu and Carstens, 1993). A truncated form of
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PE38, that does not have stimulatory activily and appears to be the product of altemative

transcriptional in~iation, has been recently identified CNu et al., 1993).

Several early genes encode components of the DNA replication machinery. For example,

the PCNA (ETL) gene product was shown to be involved in both replication and late gene

transcription (Crawford and MHler, 1988; O'Reilly et al.. 1989). A mutation in pcna produces virus

that exhib~s delayed rep1lcation and late gene expression. In addition, two ts mutants defective in

late gene expression have been mapped, One, which is also defective in replication, has a

mutation in the p143 (helicase) gene (Lu and Carslens, 1991), The second ts mutant is rescued

by wild-type p47. a protein whose function is not yet known (Carstens et al.. 1993).

The Land VL genes are under the control of an (l-amanitin-resistant RNA polymerase that is

induced during infection (Huh and Weaver. 1990; Grula et al.. 1981; Fuchs et al.• 1983). This

polymerase activ~y is also resislant to tagetüoxin. an inhib~or of insect RNA polymerase 111 (Glocker

et al.. 1993). Partial purification of the (l-amanitin-resistant activity suggests that its protein

composition is different from the three host RNA polymerases (Yang et al.. 1991). It is not known

whether its components are virus-encccled. host-encoded. or a combination of the two. The

specific~ of the virus·induced polymerase may be dictated by the unique baculovirus L and VL

prornoters. They differ !rom rnost RNA polymerase Il prornoters in that they are very compact and

do not contain DNA elements, such as the TATA box. present in rnost eukaryotic prornoters. The

only DNA element present in ail Land VL promoters is a consensus core sequence. TAAG. which

contains the transcriptional start s~e and is essential for activ~ (Rohrmann. 1986; Wilson et al.•

1987; Thiem and Miller. 1989b; Possee and Howard, 1987). This element is present in the

promoters of the hyperexpressed VL genes as part of a very well-conserved sequence.

TAAATAAGTlAATT. This sequence is responsible for the very high levels of expression

observed from the VL promoters (Possee and Howard. 1987). Sequences in the leader region

between the TAAG element and the start codon may influence levels of transcription somewhat

(Ooi et al.. 1989). The factors that interact with the L and VL prornoters to regulate transcription

are not known. but the devetopment of an in V~ro transcription system that utilizes nuclear extracts
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obtained late in infection may help in their identification (Glocker et al.. 1993). A transient

expression system utilizing a mixture of successively smaller fragments of the baculovirus genome

that are able to activate land Vl promoters has resulted in the identification of a number of genes

encoding late gene expression factors (let) (Passarelli and Miller. 1993a. b. c. and 1994; li et a/..

1993; Passarelli et al.• 1994; Morris et al.• 1994). Although sorne of these genes have not been

previously identified (Ief j-8). sorne have been previously described as regulators of early

transcription or replication (ie-1. ie-n. and p143). The predicted amino acid sequence of lEF-8

contains a conserved motif of RNA polymerases (Passarelli et al.. 1994) and the protein copurifies

with the virus-induced RNA polymerase activity (C. lorio, personal communication). suggesting

that it is a component of the a-amanitin resistant polymerase.

The AcNPV genome contains severai regions called homologous repeats (hrs) which

encompass repeated sequences harboring EcaRI recognition sites (Guarino el al.• 1986). These

elements appear to have two functions. As mentioned above, they act as enhancers for a number

of E and l genes when present in plasmids (in transient expression assays) and within Ihe viral

genome (Guarino el al.. 1986; Roclerns and Friesen. 1993: Guarino and Summers, 1988). More

recenlly, they were shown to act as origins of replication for plasmids when co-lransfecled

together with various fragments of the baculovirus genome or introcluced i"lo infected cells

(Pearson et al.• 1992: Kooi el al., 1993: leisy and Rohrmann, 1993). Regions of the baculovirus

genome that may encode factors required for replication have also been idenlified in a plasmid

based replication system (Kooi et al., 1994). Some genes present in these regions include the

baculovirus encocled DNA polymerase, p143 (helicase), and proliferating cell nuclear anligen

(PCNA) genes.

BACULOVIRUSES AS EXPRESSION VECTORS AND ENGINEERED

INSECTICIDES

Two important features of baculoviruses aceount for the suceess of this virus as an

expression vector. Rrst, the virus contains a number of nonessential genes that can be replaced
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by an exogenous gene. Second. many of these genes. particularly the very late ones, are under

the control of powerful promoters that allow abundant expression of the passenger recombinant

gene. Most of the baculovirus expression systems make use of the polyhedrin or p10 promoters

together with their associated flanking sequences. Soth polyhedrin and p10 are nonessential,

since deletion of these genes does not affect the replication of the virus in cell culture (Smith et

al., 1983a; Weyer et al., 1990). The p6.9 promoter appears to be as efficient as the p10 and

polyhedrin promoters and may also be hamessed for recombinant protein expression (90nning et

al.. 1994). For reviews concerning the use of baculoviruses in the expression of recombinant

proteins important in the phannaceutical industry and in basic research. the reader is referred to

Luckow and Summers (1988) and O'Reilly et al. (1992). The same basic principles apply to the

utilization of these viruses in pest management strategies where the wild-type virus is ineffective

in producing the desirable control of an insect pest. When the virus is used in pest management

strategies, a number of important criteria must be observed. In contrast to the use of expression

vectors in cell culture where synthesis of polyhedrin in not necessary. the fonnation of OSs is

important for the viral insecticide to survive in nature long enough for the insect to ingest it.

Without the protection afforded by the OSso the virus is quickly inactivated. Although wild-type

baculoviruses have been used as insecticides. the lethal dose and time can be improved by

genetic engineering (Bonning and Hammock, 1992). A number of candidate genes with potential

insectieidal properties have been inserted into baculoviruses. and the engineered viruses have

been tested against the target insects. An insect-specific toxin that appears to be effective in

enhancing AcNPV as an insecticide is derived from the venom of the North African scorpion.

Androctonus austmlis Hector (Stewart et al.• 1991: Maeda et al.• 1991b; McCutchen et al.• 1991).

The gene product produced the desired neurologie effects in Trichoplusia ni larvae. and reduced

bath the median survival time of the infected insect and the median lethal dose of virus (Stewart et

al.• 1991). This modified baculovirus was used recently in a field trial and was shown to be more

effective than the wild-type virus in reducing crop damage as a result of ils increased lethality (Cery

et al.• 1994). A toxin (TxP-I) derived from the venom 01 lemale mites. Pyemetes tritici. was also
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shown to be effective against insects. The potential of this toxin was investigated by engineering

a cDNA encoding the toxin into AcNPV (Tomalski and Miller. 1991a and b). Larvae infected with

the virus canying the engineered gene became paralyzed during infection. Other genes that

have been introduced into baculoviruses for insecticidal purposes include jU'lenile hormone

esterase Uhe: 1) (Hammock et al.• 1990 and 1993) and an insect diuretic hormone (Maeda.

1989b). Deletion of the ecdysosteroid UDP-glucosyltransferase (egt) gene of AcNPV also

increased the lethality of the virus by interfering with insect metamorphosis and moulting (O'Reilly

and Miller. 1989 and 1991).

ln short. the baculovirus expression system has made a great impact in both academic and

applied pharmaceutical research. It has become a major workhorse in most expression

Iaboralories.
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CHAPTER 2

Identification and Characterization of a Baculovirus Occlusion Body

Glycoprotein Which Resembles Spheroidin, an Entomopoxvirus

Protein
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ABSTRACT

A 37-kDa polypeptide specified by Autographa ca/ifornica nuclear polyhedrosis virus was

found to share significant homology with Choristoneura biennis entomopoxvirus spheroidin

protein. which is the major component of entomopoxvirus occlusion bodies. Antibodies raised

against spheroidin cross-reacted with the 37-kDa protein and confirmed its expression in the late

phase of wild-type baculovirus infection. Immunoblot analysis and fluorescence microscopy

demonstrated that the protein was associated with purified A. ca/ifornica nuclear polyhedrosis

virus occlusion bodies and was absent in purified virions. Immunolluorescence studies localized

the protein to the periphery of occlusion bodies and the internai membranes of ceUs infected with

wild-type baculovirus. The open reading frame encoding this spheroidinlike protein was inserted

into a baculovirus expression vector. and recombinant pro!ein was synthesized under control of

the polyhedrin promoter. Studies of the recombinant protein demonstrated that it was

heterogeneous in molecular mass as a result of N-linked glycosylation. Tunicamycin inhibited

carbohydrale addition and yielded proteins of 34 and 33-kDa.

INTRODUCTION

Autographa californica nuclear polyhedrosis virus (AcNPV) is a member of the lamily

Baculoviridae. a group of double-stranded DNA viruses which infect insects Irom the Lepidoptera.

Diptera. and Hymenoplera orders (reviewed in Faulkner and Carstens. 1986). A characteristic of

this subgroup 01 baculoviruses is the occlusion of infectious virions in large proteinaceous

structures termed polyhedra (Rohrmann. 1986). The virions contained within these occlusion

bodies (OSS) differ lrom nonoccluded virus (NOV), which bud lrom the plasma membrane, in both

structure and mode 01 infection (Volkman, 1986). NOVs are responsible for ceU·to-ceU infection

while the occluded virus (OV) is required lor insect·to-inseet transmission. OSS serve to proteet

the occluded virions Irom the outside environment lor extended periods of time until they are

ingested by insect larvae. The alkaline environment of the insect midgut dissolves the OBs,

resulting in the release 01 virions and subsequent infection of the midgut epithelial ceUs.
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To date. three proteins have been recognized to be associated with the structure of

polyhedra. The mos! abundant component of polyhedra is a 29-kDa protein called polyhedrin.

which constitutes the matrix of the OS (Rohrmann, 1986) and accounts for up to 25% of the total

protein in virus-infected cells (Sm~h et al.. 1983b). Another protein. p10. is expressed at high

levels late in infection (Kuzio et al.. 1984) and is alsa associated with polyhedra. This 10-kDa

protein seems to play an important role in morphogenesis of polyhedra since mutants Iacking the

p10 gene produce fragile OSs (Williams et al.. 1989). The third protein. pp34. is a phosphorylated

polypeptide associated with the polyhedral envelope (PEl. or calyx. a structure which surrounds

the mature polyhedron (Gombart et al.. 1989a and b; Whitt and Manning. 1988). This envelope is

composed primarily of carbohydrate (Minion et al.. 1979). A 32-kDa protein. p32. produced by

Orgyia pseudotsugata NPV (OpNPV) and pp34 have similar properties and exhibit 58% amino

acid sequence homology (Gombart et al.. 1989b; Oellig et al.. 1987). Russell and Rohrmann

(1990a) localized p32 to the PE of OpNPV polyhedra by immunogold staining.

ln addition to NPVs. several other viruses produce OSso These include granulosis viruses.

cytoplasmic polyhedrosis viruses. and entomopoxviruses (EPVs) (Rohrmann. 1986). Granulosis

viruses lorm cytoplasmic OSs which contain granulin. a protein which is closely related to

polyhedrin in bath structure and function and bears 50% amino acid homology with polyhedrin.

Cytoplasmic polyhedrosis viruses are double-stranded RNA viruses whose OS proteins bear no

relatedness to those of baculovirus. Finally. the entomopoxviruses. which infect Lepidoptera and

Diptera (Arif. 1984; Kurstak and Garzon. 1977). synthesize a major OS matrix protein caUed

spheroidin (Silimoria and Arif. 1979). This protein is analogous to polyhedrin but does not

possess significant amino acid homology with it. The gene encoding spheroidin in Choristoneura

biennis EPV (CbEPV) has recently been identified and sequenced; il specifies a polypeptide 01

38.5 kOa (Vuen et al.. 1990). The observed size 01 spheroidin is 50 kDa. and il was suggested

that this size discrepancy was due to post-translational modifications such as glycosylation.

Spheroidin was shown to be extremely rich in cysteine residues and lorrned high-molecular­

weight complexes on sodium dodecyl sulfate (SDS)-polyacrylamide. gels. These large species
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could be converted to a SO-kDa polypeptide in the presence 01 0.5% B-mercaptoethanol and

were shown to have identical patterns 01 proteolysis when compared with that 01 the monomer

(Yuen et al., , 990).

ln this paper we report the discovery and characterization 01 a 37-kDa glycoprotein that is

encoded by a baculovirus and appears to be associated with the PE. As this publication was in

progress, another laboratory reported the DNA sequence 01 this 37-kDa polypeptide (Wu and

Miller, 1989). We describe the localization, time 01 synthesis, and homology 01 this protein to

spheroidin, the major OB component encoded by EPVs.

METHODS AND MATERIALS

CeUs and virus.

5podoptera frugiperda (519) insect cells and AcNPV were obtained Irom Max Summers,

Texas A&M University, College Station, Virus and ceUs were cultured in TNM-FH medium

supplemented with , 0% letal bovine serum as previously described (Summers and Smith, , 987).

Construction and isolation of recombinant virus.

A DNA fragment containing the spheroidinlike protein (SLP) open reading lrame (ORF) was

obtained lrom AcNPV DNA using the polymerase chain reaclion method (Saiki et al., 1988). Two

oligonucleotide primers were construcled which consisted 01 a pair 01 Nhel endonuclease

recognition sites lollowed by several nucleotides corresponding to sequences near either the S'

or 3' end 01 the SLP ORF. The nucleotide sequences 01 the oligonucleotides were as follows:

ATG oligo, S'-GCTAGCGCTAGCAAT~ATTGCATTATTA·3' and (transcription termination site

oligo) S··GCTAGCGCTAGC~AATATAATATGT-3·. The resulting polymerase chain reaction

fragment was inserted into a baculovirus transfer vector under the control 01 the polyhedrin

promoter. The DNA sequence 01 the polymerase chain reaclion fragment was conlirmed by the

dideoxy-chain-termination sequencing method (Sanger et al.. 1977).
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This plasmid was transfected together with wild·type AcNPV ONA into SI9 cells by using the

calcium phosphate precipitation technique (Summers and Smith. 1987). Recombinant virus was

plaque purilied by the rapid B·galactosidase screening assay as previously described (Vialard et

al.. 19908).

Antiserum.

Polyclonal antiserum from rabbits was prepared against proteins of CbEPV OSs by standard

methods (Richardson et al.• 1985). The OSs were solubilized by alkali treatment and purified away

from virions as previously described (Silimeria and Arif. 1979). The So-kOa occlusion body protein

(spheroidin) was further purified by ion-exchange chromatography on OA Sepharose (Pharmacia.

Uppsala. Sweden) and injected into rabbits with Freund incomplete adjuvant.

PAGE and immunoblots.

Total cellular proteins and purified extracts were subjected to SOS-polyacrylamide

electrophoresis (PAGE) by the method of Laemmli (1970). Following electrophoresis the gels

were either stained with Coomassie blue or transferred to nitrocellulose membranes: proteins on

the nitrocellulose were probed with antibody. and antigen-antibody complexes were detected

with radioiodinated protein A (30 mCilmg; Amersham Canada. Ltd.. Oakville. Ontario. Canada) as

previously described (Sumene. 1981; Towbin et al.• 1979).

Tunlcamycin assay.

Sf9 ceUs were infected with the recombinant virus and subsequently grown in TNM-FH

medium containing 10% fetal bovine serum and 10 Ilg of tunicamycin (Sigma. St. Louis. Mo.) per

ml prepared from a 1-mg/ml stock in dimethyl sulfoxide. Proteins were coUected 60 h

postinfection in electrophoresis sample buller and separated by SOS-PAGE.
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Purification of OSs and virions.

OSs were released from infected Sf9 ceUs disrupted by Ireatment wilh 1% Triton X-loo­

0.01 M Tris hydrochloride (pH 7.0) and severai strokes on a Oounce homogenizer. They were

Ihen purified on a discontinuous sucrose gradient as previously published (McCarthy el al.. 1974).

suspended in 0.1% (wVvol) SOS. washed Ihree limes in distilled waler. and peUeled each lime by

centrifugation al 3000 rpm for 5 min. NOVs were purified by Ihe melhod of Summers and Smith

(1987). OVs were pur~ied away from OS proleins by alkali Irealment foUowed by separalion on a

linear sucrose gradienl as previously reported (Silimoria and Arif. 1979).

Fluorescence microscopy.

Sf9 insecl ceUs were infected with wild-type AcNPV for 72 h in microchamber slides (Nunc.

Naperville. III). The ceUs were fixed and incubaled for 2 h with a 1:100 dilution of rabbit anliserum

direcled againsl spheroidin as previously described (Oreyfuss el al., 1984). This anliserum was

previously adsorbed against Iysed Sf9 insect ceUs 10 minimize background fluorescence. The

infected ceUs, along with Ihe bound primary antibody. were Ihen incubated wilh a 1:100 dilution 01

biolinylaled donkey anli-rabbil immunoglobulin G serum (Amersham Canada ltd.. Oakville,

Ontario, Canada) for 1 h. The biotinylaled secondary antibodies were detected by incubaling Ihe

ceUs wilh a 1:100 dilution of fluorescein-conjugaled streptavidin for 30 min.

OSs were heal-fixed 10 glass microscope slides. Sorne samples were solubilized in a

solution 01 50 mM sodium carbonale-50 mM sodium chloride for 2 min al room lemperalure and

washed Ihree limes wilh phosphale-buffered saline. Unlrealed and alkali Irealed OSs were

subsequenlly flXed wilh lormaldehyde and incubaled with antibodies and f1uorescenl streptavidin

as described above.

Spheroidin-anlibody complexes were viewed by fluorescence microscopy on a Leitz

microscope al X400 10 Xl000 magnilicalions wilh a PUAPO 100 PHACO 3 oil immersion

objective.
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RESULTS

Homology between AcNPV SLP and CbEPV spheroidin.

The CbEPV spheroidin gene was compared with GenBank sequences. and homology was

observed with an ORF found immediately adjacent to the AcNPV ONA polymerase gene (Tomalski

et al.. 1988). We sequenced this 909-nucleotide ORF and noted that a similar 927-nucleotide

ORF had recently been reported by Wu and Miller (1989). The translation products of AcNPV

SLP and CbEPV spheroidin genes were aligned and compared by using the Microgenie

Sequence Analysis Program (Version 4.0) An overall homology of 39% at the protein level was

observed. Although homology was observed throughout the Iwo proteins. several regions of

very high amino acid conservation were evident. Rve conserved regions were identffied and are

iIIustrated in Fig. 1. Ali of these reg;~ns exhibited at least 75% homology between SLP and

spheroidin. and where they differed. the general characteristics of the amino acids were relained.

This was evident in region 4, which contained a string of 17 amino acids. Four nonidenlical

residues were apparent, but the general properties of these amino acids were conserved. The

most striking example of amino acid sequence conservation was seen in region 5 which spanned

21 positions and contained only a single variation. In this case, the hydrophobie nature of the

residue was mainlained, ie., a methionine in SLP was replaced by a leucine in spheroidin.

The distributions of proline and cysteine residues throughout the Iwo proteins were highly

conserved. SLP conlained 18 prolines, and spheroidin contained 19: 11 of these residues were

Iocaled at the same positions. More remarkably, ail 8 cysteines of SLP were paired to eight of the

nine cysteines of spheroidin. Potential N-linked glycosylation sites also occurred at similar

positions.

Finally, spheroidin was previously demonstrated to possess an N-terminal signal sequence

of 20 amino acids. This hydrophobie sequence was proteolytically cleaved during protein

maturation (Vuen et al., 1990). SLP conlained a similar amino-terminal sequence which may also

interact with membranes and be removed during posttranslational processing.
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Figure 1. Comparison of the predieted amino acid sequences from the AcNPV SLP gene and

the CbEPV spheroidin gene. The vertical lines indicate identical amino aeids. and the dots

indicate amino acids with similar properties. Potential N-linked glyeosylation sites are boxed with

solid lines. Regions of high homology are boxed with hatehed lines and are specified by number.

The hydrophobie N-terminal sequence is underlined.
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Expression and deteclion of SLP in insect ceUs infected with either wild-type or

recombinant baculovirus.

Sf9 cel1s were infected with either wild-type AcNPV or recombinant virus which contained

the SLP gene under control of the polyhedrin promoter. Northern (RNA) blot analysis of purified

RNA w~h probes derived from the SLP gene indicated that mRNA w:::s produced between 24 and

48 hours postinfection. This observation was consistent for a gene expressed very late in

infection (data not shown). Infected cel1s were aise col1ected at various times postinfection. and

proteins were separated by SOS-PAGE and were either stained with Coomassie blue or

transferred to n~rocel1ulose membranes for immunodetection. The results of this time course

study are presented in Fig. 2. In the wild·type AcNPV infection. SLP could not be visualized

through Coomassie blue staining. However. a protein band migrating with a molecular mass of 37

kOa could be detected at 18 h poslinfection with a polyclonal antiserum directed against

spheroidin. This protein continued to be synthesized from 18 to 72 h postinfection and appeared

to be produced in relatively low quantilies compared with those in cel1s infected with the

recombinant Acf'lPV. Cel1s infected with the SLP recombinant virus synthesized three major

species which were evident by both staining with Coomassie blue and immunoblot detection.

These protein bands migrated w~h molecular masses of 34. 35. and 37 kOa. We suspected that

the smatler protein species might represent underglycosylated precursors of the 37-kOa protein.

ln addition to virus-derived proteins. the antibody directed against spheroidin reaeted weakly with

a 53-kOa protein which was present in uninfeeted cel1s. This represented a miner protein species

which became less abundant Iate in wild·type baculovirus infection of Sf9 Ctl1s.

Tunicamycin-inhibited glycosylation of SLP.

To determine whether SLP was a glycoprotein. we performed experiments with tunicamycin (an

inhib~or of N-linked gtycosylalion). Sf9 cel1s were infected (in the presence and absence of

tunicamycin) with recombinant AcNPV containing the SLP gene. Infected cel1s were harvested at

60 h postinfection. and cellular proteins were analyzed by SOS-PAGE. The results of this

28



•

•

Figure 2. Immunoblot (A) and Coomassie blue stained gel (B) of total proteins expressed in Sf9

cells infected with either wild·type (WT) or SLP recombinant virus. Total proteins from 105 cells

were collected at O. 12. 18.24.48. and 72 h postinfection and separated by SOS-PAGE. Panel A

is an autoradiogram of an immunoblot prepared from a gel which was a duplicate of the Coomassie

blue-stained gel shawn in panel B. The immunoblot was probed with polyclonal antiserum

directed against CbEPV spheroidin. Bound antibody was detected with protein A cO"iugated to

[12511. The electrophoretic migrations of the various forms of SLP are indicated with arrows. PH

refers to the electrophoretic migration of polyhedrin. Positions of protein mass standards (in

kilodaltons) are indicated by numbers.
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axperiment are shown in Fig. 3. The addition of tunicamycin to cells infected with the SLP

recombinant completely abolished the synthesis of both the 37- and 35-kOa polypeptides. The

34-kOa band remained apparent. and a 33-kOa protein band was also observed. These protein

species may reflect other posttranslational modifications and could represent the nonglycosylated

SLP polypeptide with and without its signal peptide.

Analysis ot virus and OB proteins by using immunoblot detection.

Purified OBs. NOVs. and OVs were solubilized and subjected to SOS-PAGE. The resolved

proteins were either stained with Coomassie blue (Rg. 4A) or transferred to nitrocellulose and

probed with antibodies directed against the spheroidin protein (Rg. 4B). Akhough the OV was

not totally pure and contained some polyhedrin protein. it failed to react with the polyclonal

antiserum used in these experiments. NOVs aiso failed to reac! with the spheroidin antibodies.

whereas the OBs clearly contained the 37·kOa protein (SLP). The SLP was not a major

component of OBs since il was not detected by Coomassie blue staining and was visible onty

through immunodetection techniques. A minor band migrating slightly faster than the 37-kDa

protein was aiso detected and may represent a dilferent levei of N-glycosylation. Antiserum

directed against spheroidin recognized IWo forrns of protein in OSS derived from cells infected

with CbEPV. Spheroidin protein has been shown to be a So-kDa monomer which associates via

disulfide bonds to forrn a , OO-kOa dimer (Yuen et al.• 1990). We also constructed an AcNPV

recombinant virus which contained the spheroidin gene of CbEPV. This recombinant virus

produced a SO-kOa polypeptide as weil as a 100-kOa forrn when the gene products were

subjected to SOS·PAGE and analyzed by immunodetection techr.:ques (data not shown). We

conclude trom these studies that SLP was associated with the OBs of wild-type AcNPV and had

antigenic deterrninants in common with the spheroidin protein cf EPVs.
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Figure 3. Analysis of N-Iinked glycosylation of SLP in Sf9 cells infected with recombinant virus.

The figure shows an autoradiogram of an immunoblot (A) and a Coomassie blue-stained gel (8) 01

tolal proleins produced by recombinant virus infection in the absence (-) and presence (TM) of

tunicamy,;,in. Proteins were collected at 60 h postinfection. The immunoblot was probed wilh

anliserum directed against CbEPV spheroidin and delecled wilh 11251]-protein A. Numbers

indicate migration of protein mass standards in kilodaltons.
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Figure 4. Immunodetection 01 SLP associated with AcNPV occlusion bodies. Virus and OB

proteins were separated by SOS·PAGE and detected by Coomassie blue stain (A) or immune

autoradiography (B). Lanes: 1, purilied CbEPV OB proteins; 2, AcNPV OV proteins; 3, AcNPV

NOV proteins; 4, purilied AcNPV OB proteins. The immunoblot was probed with antiserum

directed against spheroidin and immune complexes were detected with 1251.protein A. SLP.

SPH monomer and dimer. and polyhedrin (PH) proteins are indicated by arrows. Numbers indicate

size (in kilodaltons) 01 protein mass standards (Iane STOl.
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Immunofluorescence studies of AcNPV-infected ceUs and OSso

Sf9 cells were infecled with wild-type AcNPV and subsequently fixed and incubaled wilh

antispheroidin antibodies. Immune complexes were detecled wilh biolinylaled antibodies and

f1uorescenl streptavidin. Uninfected Sf9 ceIls exhibited a small amounl of background

fluorescence (Fig. 5A). while cell membranes and OSs were c1early labelled at 72 h poslinfeclion

(Fig.5C). Anlibodies were localized 10 the cyloplasm early (121024 h) in infection. However.

fluorescent staining was minimal between 0 and 12 h infection and subsequently rose to

maximum intensity between 60 and 72 h postinfection. Again. these results indicated that SLP

was produced very Iate in infection. Sf9 cells infected with the SLP recombinant virus produced

no OSso and intense fluorescence was distributed throughout the cyloplasm. plasma membranes.

and nuclear membranes (data not shown).

Purified OSS were fixed to glass slides and incubated with antibodies directed against

spheroidin. Exterior regions of the OSS were f1uorescently labelled in Fig. 6A. Other OSs were

subsequently dissolved and permeabilized wilh sodium carbonate buller. These solubilized OSs

were washed in phosphate-bullered saline and stained with spheroidin antibodies. Alkali

treatment converted the normally opaque OSs (Fig. 6S) to transparent sacs which probably

represented·the PE (Fig. 60). These sacks were intensely labelled by the spheroidin antibodies

(Fig.6C).

The fluorescent-antibody studies appear to indicate that SLP is synthesized in the

cyloplasm and may be transported to the nuclear membrane to become associated wilh the OSs

in the nucleus of infected cells. More specifically. SLP is probably associated wilh the PE. Further

eleclronmicroscopy and immunogold labeling studies may substantiate this observation.

DISCUSSION

ln this communication. we report the identification and characterization of a 37-kOa

glycoprotein (SLP) which appears to be associated with the AcNPV OB proteins. We sequenced

an ORF immediately adjacentto the AcNPV ONA polymerase gene which encodes a polypeptide
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Figure 5. Immunofiuorescence localization 01 SLP in Sig cells infected with wild-type AcNPV.

The figure shows immunofiuorescence (A) and phase-contrast microscopy (B) of uninfected cells

and immunofiuorescence (C) and phase-contrast microscopy (0) of infecled cells at 72 h

postinfection. Insect cells were fixed and incubated with antibodies directed against spheroidin as

described in Materials and Methods. Magnification. X380
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Figure 6. Immunofluorescence localization 01 SLP in purilied AcNPV OBs.

Immunofluorescence detection (A) and phase-contras! microscopy (B) 01 purilied OBs and

immunofluorescence analysis (C) and phase-contras! microscopy (0) 01 purified OSS trealed with

sodium carbonate. OBs were heat-lixed and stained as described in Methods and Malerials.

Magnilication. X950.
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that exhibits 39% amino aeid homology to CbEPV spheroidin. the major EPV OS protein.

Polyelonal antiserum produced against purified spheroidin reaeted with a 37-kDa protein eneoded

by this ORF. and we demonstraled that this protein was expressed Iate in infection and localized

to the envelope surrounding the OS matrix.

OSs are structures produeed by several groups of viruses. ineluding the NPVs. granulosis

viruses. eytoplasmie polyhedrosis viruses. and EPVs. Their funetion is to proteet virions

embedded within them from the outside environment. Eaeh baeulovirus OS is composed of a

proteinaeeous matrix (Rohrmann. 1986) surrounded by an envelope or calyx (Gombart et al..

1989a and b; Whitt and Manning. 1988) which is composed primarily of carbohydrate (Minion et

al.• 1979). The major component of AcNPV OSs is polyhedrin (p29). a matrix protein which is

hyperexpressed laIe in the course of infection. as reviewed by Rohrmann (1986).

A second protein (p10) synthesized very late in infection and at high levels seems 10 be

involved in the morphogenesis of the PE (Williams et al.• 1989). Fibrillar structures containing p10

associale with electron·dense spacers to forrn what is thought to be nascent PE (Vlak et al.,

1988).

ln addition to p10, a phosphoprotein (pp34) is required for Ihe formation of PEs (Zuidema et

al., 1989). Like polyhedrin and p10. this protein is al50 a Iate .gene product. Il seems 10 be

l:issociated wilh the PE via thiol linkages (Whitt and Manning, 1988). Immunogold deteclion

lechniques were used to localize p32, an OpNPV protein homologous 10 pp34 from AcNPV

(Gombart et al.. 1989a and b), to the envelope surrounding OpNPV polyhedra (Russell and

Rohrrnann. 19908). The integrity of the PE and Ihe presence of p32 were maintained even alter

dissolution of the polyhedra in dilute alkali. As with pp34, dissociation of p32 from Ihe PE required

Ihe presence of a reducing agent (Gombart et al., 1989b).

Although SLP and pp34 share several common characteristics; such as molec:ular mass.

liming of expression, and association with Ihe PE, Ihey do nol appear 10 be Ihe same prolein.

They exhibit differenl immunoreactive properties and possess differenl amino acid sequences

encoded by separale regions of Ihe baculovirus genome. The predicted amino acid sequence of
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p32 shared 58% homology with a translation product (pp34) encoded by an ana10gous region of

the AcNPV genome (Gombart et al.• 1989b). These two proteins (pp34 and p32) disp1ayed

immune cross-reactiv~y. In contrast. the amino acid sequence of spheroidin bears no significant

homology to that of pp34 or p32. A radioactive probe constructed from the EPV speroidin or SLP

gene hybridized to a distinct region of the AcNPV genome. In addition. antibodies directed

against spheroidin reacted with the gene product specified by SLP recombinant baculovirus as

weil as wild-type AcNPV. Tilerefore. the nucleotide and protein sequences of pp34 and p32

appear to be quite diflerenl when compared with SLP (Gombart et al.• 1989a and b: Oellig et al..

1987; Wu and Miller. 1989).

The spheroidin antibodies aise cross-reacted weakly with a cellular protein. This reactivity

disappeared 1ater in infeclion owing 10 shul-ofl of hosl protein synthesis. Reaction of virus­

direcled anlibodies wilh cellular proleins is nol uncommon (Srinivasappa et al.• 1986) and

mo1ecular mimicry has previously been observed wilh a p1O-direcled monoclonal antibody which

cross-reacts w~h cytoskelelal e1emenls (Quanl-Russell et al.• 1987). For Ihis reason. antiserum

direcled againsl spheroidin was preadsorbed to Iysed insect cells to minimize background

fluorescence during microscopy studies.

The struclure of EPV 08s diflers significanliy from Ihal of NPV 08s with respect 10 the

major protein componen\. This is not unexpecled since these viruses are nol c10sely relaled;

NPVs replicale in Ihe nuclei of infecled cells and produce nuclear 08s. whereas EPVs replicale in

the cytoplasm and yield cytoplasmic 08s. The major prolein of CbEPV OSS is spheroidin. Il is a

50-kDa polypeptide. that is rich in cysteines and capable of forming dimers (Vuen et al., 1990).

Although the amino acid sequence of spheroidin does not exhibit significant homology 10

polyhedrin. il is quite similar to the less abundanl SLP found in bacu10virus 08s. This amino acid

conservation is especially evident in rIVe distinct regions of the Iwo proteins; these may represent

functionally or structurally relevant motifs. Conservation of prolines. cysteines, and N-linked

glycosylation sites indicates struclural homology between th~ Iwo proleins.
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The similarities between the amino acid sequences of SLP and spheroidin suggest that the

two proteins were derived Irom a common ancestor. This hypothesis may be supported by the

identification of similar proteins in other OVs in the future. Two distinct possibilities COme to mind.

The genes encoding these proteins may have been acquired from the host cell genome or they

may be introduced by transposition or recombination Irom other viral genomes. It would be

interesting to identily the gene encoding the cellular polypeptide which cross-reacted with the

antibodies directed against spheroidin and determine whether it bears significant homology to

SLP or spheroidin. On the other hand, the SLP gene could be obtained Irom other viruses.

Acquisition of the SLP gene by AcNPV Irom a donor EPV could be supported by the codon

usage bias observed in the translated product. Codon usage in SLP lavors A and T residues at

the wobble position 01 mest amino acids ryvu and Miller, 1989). This resembles codon bias in

poxviruses whose genomes are A+T rich as opposed to the G+C rich genes 01 NPVs.

ln luture studies, our observation that SLP is a protein associated with the PE will be

corroborated by i:Tl~unogold electron microscopy and biochemical separation 01 the PE Irom the

matrix 01 the OBs. Finally, the signilicance 01 SLP in OB lormation may be dete:rmined by the

deletion 01 the gene encoding SLP and analysis 01 this mutated phenotype during baculovirus

replication.
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CHAPTER 3

Characterization of Baculovirus and Entomopoxvirus Spindle

Proteins
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PREFACE

The previous chapter described the identification of a 37-kDa glycoprotein (SLP or gp37)

expressed late in baculovirus infection that shares significant homology with an abundant

entomopoxvirus occlusion body proteir.. Because of ~s glycoprotein nature and copurification

with baculovirus occlusion bodies, it was suggested that it might be a component of the

polyhedral envelope. Immunofluorescence studies of purified baculovirus occlusion bodies

appeared to support this hypothesis. This chapter describes further characterization of gp37

expression in infected cells ~h respect to its synthesis and cellular localization. Immunoelectron

microscopy studies were performed to determine the precise Iocalizations of gp37 in infected

cells and the entornopoxvirus homologue in purified spheroids. A mutant baculovirus deficient in

gp37 synthesis was generated in order to determine its role in baculovirus infection.

Recombinant baculoviruses overexpressing gp37 and the SO-kDa entomopoxvirus protein were

also generated in order to produce sufficient amounts of the proteins to carry out biochemical

analysis and functional studies.
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ABSTRACT

Peptide-specific antibodies were generated against amino acid sequences corresponding

to Autographa ca/ifornica nuclear polyhedrosis (AcNPV) gp37 and the rclated 50 kOa protein

present in Choristoneura biennis entomopoxvi..us (CbEPV) occlusion bodies. The antibodies

were used in westem blot and immunoprecipitation analysis of nuclear and cytoplasmic lractions

Irom baculovirus-inlected ceUs. The majority 01 gp37 was associated with the nuclear Iraction.

Immunogold lab~Uing in conjunction with electron microscopy revealed that gp37 was a

component 01 spindle-shaped structures olten associated with the nuclear membrane in AcNPV­

inlected ceUs. Analysis 01 purilied CbEPV occlusion bodies demonstrated staining 01 similar

structures embedded within the occlusion bodies. AcNPV gp37 and the CbEPV !;O-kOa protein

were expressed in large amounts using recombin:mt baculoviruses. Spindle bodies were

produced in recombinant-virus inlections and could be purilied through sucrose gradients.

Coomassie blue-stained gel analysis demonstrated that gp37 and the 50-kOa prolein were the

major component 01 spindle bodies. In addition. immunoblot analysis 01 recombinant virus­

inlected ceUs treated with tunicamycin revealed that the 50-kOa protein was giycosylated. A

proteolytic activity was associated with purilied spindle bodies but not with polyhedra obtained

Irom a spindle protein-negative baculovirus. when incubated with dye·linked peptides in alkaline

conditions.

INTRODUCTION

Insect virus infections are olten characterized by the production 01 intracellular crystalline

structures late in infection. Of these, the mest weil known are the baculovirus occlusion bodies

(OBs) or poiyhedra. These large proteinaceous structures are required lor horizontal transmission

of the virus in natural infections (Blissard and Rohrmann, 1990). Virions become einbedded

within the OSS and are thereby protected from environmental factors such as UV light and

desiccation. The virions are released when OBs are ingested and clissolved in the alkali

conditions of the insect midgut. The nuclear polyhedrosis viruses (NPVs). 01 the Baculoviridae
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family, are double·stranded DNA viruses that produce nuclear OSs composed primarily of a 31­

kDa protein called polyhedrin (Rohrmann, 1986). This protein is expressed at very high levels late

in infection and is not required for viral replication in cell culture. Many of the widely used

baculovirus expression vectors rely on replacement of polyhedrin coding sequences with those

of the gene of interest (O'Reilly et a/.. 1992; King and Possee, 1992; Richardson, in press). In

addition to the baculoviruses, two cytoplasmic insect viruses produce OSs that are

morphologically and functionally similar to NPV polyhedra. The tirs! group is the double-stranded

RNA cyIoplasmic polyhedrosis viruses, classified within the Reoviridaefamily. They produce OSs

composed of a single protein, the 25- to 31-kDa C-polyhedrin (Payne and Mertens, 1983;

Selloncik, 1989; G<llinski et al.. 1994), This protein does not sharp. significant homology with NPV

polyhedrin (Rohrmann, 1986). The second group is the entomopoxviruses (EPVs) whose OSs

are compos"C! of a 115-kDa protein called spheroidin which again, shows no homology with

polyhedrin (Bilimoria and Arif, 1979; reviewed in Arif and Kurstak, 1991; and Goodwin et a/..

1991). EPV OSS are also known as spheroids,

A second type 01 paracrystalline proteinaceous structure has also been described in

microscopy studiesol some EPV- (Bergoin et a/.. 1970: Sird, 1974; Milner and Seaton, 1979; Dall

et a/.• 1993) and baculovirus-infected cells (Huger and Kreig, 1968; Adams and Wilcox. 1968;

Gross et a/.. 199311). Because of their morphological characteristics (sharply pointed ends) they

have been referred to as spindle-shaped bodies or spinciles. In contrast to OSS. spindle bodies

appear to be devoid 01 virus particles. Their size is highly variable (even within the same species).

usually ranging Irom 0.5 to 12 J.lm, but spindle bodies up to 25 J.lm have beAn described (Aril.

1984). In some EPV inlections. they have been subdivided into macro- and micro-spindles. the

latter being occluded within spheroids much like virions. Occasionally only spindle bodies

become occluded, Macrospindles are lound in the cyIoplasm and can approach sizes similar to

those 01 spheroids (Goodwin et a/.• 1991). Spindle bodies have been observed in most EPV

inlections with the exception 01 Amsacta moorei (Am) EPV and most Diptera-infecting EPVs

(Goodwin et al.. 1991). Spindle-shaped bodies have also been described in the cyIoplasm 01
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Choristoneura murinana NPV infected cells (Huger and Krieg. 1968). The function of spindle

bodies in insect virus infections has not yet been determined.

A previous report described a SO-kDa polypeptide as the major component 01

Choristoneura biennis (Cb)EPV OSs (Yuen et al,,1990). The open reading frame (ORF) encoding

this protein specilied a polypeptide of 38.5 kDa that was erroneously termed spheroidin. The

difference in molecular weight (MW) between the predicted protein and ~s counterpart in OSs was

aUributed to post-translational modifications. mest likely glycosylation. The gene encoding the

major OS protein of AmEPV was subsequently found to specify a 11S-kDa polypeptide unrelated

to the SO-kDa CbEPV protein (Hall and Moyer. 1991: Sanville et al" 1992). More recently.

nucleotide sequences with homology to the AmEPV spheroidin gene were identified in the

CbEPV genome (HaU and Moyer. 1993). suggesting that the SO-kDa CbEPV protein had been

previously misidentified as spheroidin. We have previously reported that a 37-kDa glycoprotein

(gp37) specified by Autographa californica (Ac) NPV shares significant homology with the SO-kDa

CbEPV protein (Vialard et al" 1990b). The baculovirus protein was expressed at relatively low

levels late in infection and copurified ~h AcNPV OSso Homologo'JS genes have aise been found

in Heliothis armigera (Ha) EPV (Dall et al.• 1993) and Orgyia pseudotsugata (Op) NPV (Gross et al.•

, 993a). OpNPV gp37 was 10caUzed by immunogold Iabeling to cytoplasmic inclusion bodies and

did not appear to be associated with polyhedra (Gross et al.• , 993a). The SO-kOa protein encoded

by HaEPV was shown by immunofluorescence to be present in cytoplasmic spindle bodies. Il

represents the most abundant HaEPV infected-ceU protein. is not glycosylated. and was

suggested to be phosphorylated or myristylated (Oall et al.• , 993).

ln this report, we describe further biochemical characterization and precise Iocalization of

gp37 in AcNPV infected cells, and the So-kDa protein in CbEPV OSso We have generated en

AcNPV in which the gp37 ORF has been interrupted in order to determine ~s role in the virallife

cycle. Peptide antibodies were raised against the So-kOa protein of CbEPV and gp37 01 AcNPV.

Subsequent immunoprecipitation and immunoblot analysis demonslrated that gp37 is present in

the cytoplasm. but is primarily associated wilh the nuclear membranes 01 AcNPV-inlecled ceUs.
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Immunoelectron microscopy studies demonstrnted that AcNPV gp37 and the CbEPV 50-kOa

protein are asscciated with spindle bodies present in AcNPV infected ceUs or occluded within the

CbEPV OSs, respectively. We have also expressed both AcNPV gp37 and the CbEPV 50-kDa

protein in insect cells by infection with recombinant baculoviruses and used the purified spindle

bodies in alkaline solubilization and protease assays. We have also cloned and sequenced the

gene coding for the 50-kDa protein of Choristoneura fumiferana (Cf) EPV and compared its

deduced amine acid sequence t.) other EPV and baculovirus homologues.

MATERIALS AND METHODS

Virus, insoct colis, and larvae.

CbEPV and CfEPV OSs were supplied by Sasil Arif (Forest Pest Managment Institute.

Forestry Canada. sauh Ste Marie, Ontario, Canada). Spodoptera frugiperda (S19) insect cells and

AcNPV were obtained from Max Summers (Texas A&M University, College Station). Baculovirus

and cells were cuhured in Grace's medium (GISCOIBRL, Bethesda, MD) supplemented with 10%

felal bovine serum (FBS).

Construction and isolation of recombinant virusos.

An AcNPV recombinant virus. AcSpinNPV. containing the AcNPV gp37 open reading

frame (ORF) under the control of the polyhedrin promoter was generated by homologous

recombination and is descnbed in Vialard et al (1 GGOb),

A recombinant baculovirus containing the CbEPV 50-kOa protein (spindle) ORF under t~

control of the polyhedrin promoter (CbSpinNPV) was constructed as follows. A DNA fragment

corresponding to the CbEPV spindle protein ORF was synlhesized by PCR from a 2.3-kb EcoRl­

Xbal genomic fragment previously described as encompassing the CbEPV spheroidin gene

(Yuen et al" 1990). Two oligonucleotide primers corresponding to the 5'

(C~~AATATGAATAAATTAATAC)and '$ (CGCTAGCTTATTTTCTATTTTG) ends of the

CbEPV spindle ORF were used. The underlined nucleotides indicate an Nhel recognition site•
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The resutting PCR fragment was in.."erted into the baculovirus transfer vector pJVETL (Richardson

et al.. '992). and the DNA sequence of the PCR fragment was confirmed by the dideoxy-ehain

termination sequencing method. This plasmid was transfected into Sf9 cells along with wild·type

AcNPV DNA by lipofection (GIBCOI8RL. Bethesda. MD). Recombinant virus was plaque purified

using the !3-galactosidase screening method as previously described (Vialard et al.. , 990a).

An AcNPV in which the gp37 ORF has bPen interrupted (AcSpin-NPV) was generated by

homologous recombination as follows. A 8amH 1fragment containing the bacterial lacZ coding

region an<! SV40 polyadenylation signal (Vialard et al.. , 9908) was introduced into the BamH 1site

of the pSP72 plasmid (Promega. Madison. Wisconsin). The lacZ coding region was then placed

under the control of the baculovirus lE' promoter (Guarino and Summers. 1987) by introduction

of a PCR fragment corresponding to the lE' promoter sequences (Richardson et al.. '992) al the

5mal site upstream of the lacZ ORF. Following restriction with Hindlll and 8gnl. the IE'/iacZ

fragment was purified from an agarose gel following electrophoresis and made blunt by Klenow

treatmenl. It was then cloned into the Nod site of the AcNPV EcoRI-F genomic fragment (Ayres et

al., 1994; Kool and Vlak, 1993) that had been previously cloned into the EcoRI site of the pGEM1

plasmid (Promega, Madison, Wisconsin). Co-transfection of this plasmid and wild·type AcNPV

DNA into Sf9 cells resulted in a gp37 mutant virus which was purified as described above.

Interruption of the gp37 ORF was confirrned by Southem blot analysis and PCR techniques.

SO:lthern blot analysis.

Sf9 cells were infected with AcSpin"NPV at a moi of 5 PFU/cell, medium was collected 4

days postinfection (pi) and centrifuged at low speed to remove cellular debris. Virions were then

pelleted from the supernatant by centrifugation for 30 min at 10000OXg. The pellet was

resupended in 10 mM Tris-HCI (pH7.5), 10 mM EDTA, 20 mM KCI, 40 Ilglmi proteinase K and 1%

sarkosyl, and incubated 4h at 50·C. Viral DNA was purified from the resutting supematant by

phenol:chloroforrn extraction and ethanol precipitation. It was digested with restriction enzymes,

eltlclrophoresed on a 0.7 % agarose gel, and transferred onto nitrocellulose by Southem blotting.
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The membrane was then hybridized with an AcNPV gp37 probe (PCR fragment described above)

by standard procedures (Samt.rook et a/., 1989).

Purification 01 occlusinn and spindles bodies,

AcSpin'NPV OSso and AcSpinNPV and CbSpinNPV spindle bodies were released from

infected Sf9 cells by trealmenl with 1% Trilon X-l00/0.2% SDS in 10 mM Tris-HCI (pH 7.4) and

several strokes of a Dounce homogenizer. CbEPV OSs were exlracted from infected Cf 1a~/ae as

previously described (Sillimoria and Arif. 1979). Spindle body and OS suspensions were

dispersed by sonieation and then purified through two successiVE: discontinuous sucrose

gradients as previously described (McCarthy et a/.. 1979). 09s and spindle bodies were collected

from the gradients. resuspended in sterile water. and pelleted each time by centrifugation at

13.00OXg for 10 min. Sodium azide (0.02%) was added to the final supension.

Antisera and immunoblots.

Polyclonal rabb~ antiserum raised against CbEPV OS proteins solubilized by alkali treatment

(a-SOS) was previously desenbed (Vialard et a/.. 1990b). Anti-peptide antibodies directed against

amino acids 122·136 (a-spCb2) and 327·341 (a-spCb1) of the CbEPV spindle polypeptide. and

53-67 (a-spAc2) and 288·302 (a-spAc1) of the AcNPV spindle polypeptide were prepared by

standard methods (Richardson et a/.• 1985). For subsequent immunoblot analysis. infected œil.

purified spindle. and occlusion body proteins were resolved by sodium dodecyl sulfate­

polyacrylamide gel electrophoresis (SDS-PAGE). transferred onto n~rocellulose membranes. and

probed ~h antibodies (Abs) by standard procedures (Harlow and Lane. 1988). Antibody-antigen

complexes were detected by addition of alkaline phosphatase-conjugated donkey anti·rabb~

immunoglobulin G Ab (Jackson Immunoresearch Laboratories) in the presence of nitro-blue

tetrazolium. 5·bromo-4-chloro-3·indolyl phosphate. and phenazine methosulfate (Sigma).

Altematively. antibody-antigen complexes were detected w~h radioiodinated protein A (30
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mCi/mg; Amersham Canada, Oakville, Ontario) and exposure to X·ray film (X·OMAT AR; Kodak•

Rochester, NY).

Metabolic protein labelling, cell fractionation, and immunoprecipitations.

Sf9 cells infected with AcNPV at a moi of 5 PFU/cell were incubated for 15 min in

methionine-free medium at various times pi. Tran35S·label (ICN Biomedicals, Costa Mesa. CA)

was then added at 150 J.lCi/ml for 30 min. alter which the Iabelling medium was removed and the

cells were washed with pas. For pulse/chase studies. cells were Iabelled at 48 h pi as described

above. The Iabelling medium was replaced with Grace's medium and the cells were collected alter

incubation for various lengths of time (to corresponding to addition of Tran35S.label). They were

then resuspended in extraction buffer (10 mM Tris·Hel [pH 6.5].140 mM NaCI. 3 mM MgCI2, 0.5%

NP-40. 1 mM PMSF and 1 J.lglml aprotinin) at 7Xl03 cells/ml and incubated 10 min on ice.

Cytoplasmic protein fractions were obtained by collectïng the supernatant alter a 5 min

centrifugation at 1300OXg. Nuclear protein fractions were acquired by Iysis of the pelleted nuclei

in RIPA buffer (150 mM NaCI, 50 mM Tris-HCI [pH 7.5]. 3 mM MgCI2, 1% NP-40. 0.5% Na·

deoxycholate, 0.1% SOS, 1 mM PMSF and lJ.lglml aprotinin); NaOH O.lN was added to both

fractions.

Immunoprecipitations were carried out on 100 J.l1 of cytoplasmic or nuclear protein fraclions

in 1 ml of RIPA buffer as follows.. Immunoprecipitations were pre·c1eared by incubation with 10 III

of a 1:1 slurry of protein G·sepharose in RIPA buffer followed by a brief centrifugation. The

resulting supernatant was then incubated with 2 J.l1 of (X-spAcl for 2 h at room temperature and

then 10 J.l1 of protein G sepharose slurry was added. Alter one hour of incubation, the protein G·

sepharose beads were pelleted by centrifugation, washed three limes with 1 ml RIPA buffer, and

finally resuspended in 2x sample buffer (Laemmli, 1970) prior to electrophoresis through SOS­

polyacrylamide gels.
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Immunoelectron microscopy•

Purified OSs and inlected SI9 cells (collected at GOh pi) were lixed in 4% paralormaldehyde;

0.5% glutaraldehyde in a phosphate buffer, infiltrated with LR white, polymerized, cut into thin

sections, and placed onto nickel grids. Ab staining was performed as described elsewhere

(Vialard and Richardson, 1993).

CfEPV spindle protein ORF amplification. cloning. and sequencing.

A ONA lragment corresponding to the CIEPV spindle protein ORF was synthe::,.œd by PCR

Irom CfEPV genomic ONA prepared as previously described (Lytvyn et al., 1992). Two

oligonucleotide primers corresponding to 5' (AAAGCTTIAAATATCAATIGGTIAAATICC) and 3'

(GGAATICTACCAATATITTACTACAACTC) non-coding regions 01 the CbEPV spindle protein

ORF were used. The underlined nucleotides correspond to Hind III and EcoR V recognition sites

in the 5' and 3' primers, respectively, The resulting PCR fragment was inserted into the pUC19

plasmid and the ONA sequence of the PCR fragment was confirmed by the dideoxy-chain

terrnination method on three different clones.

Tunicamycin treatment.

Sf9 cells were infected with recombinant baculovirus at a moi of 5 PFU/celi and'a ).Iglml of

tunicamycin (Sigma. St Louis, Mo, USA) was added 6 h pi, cells were collected at 48 h pi.

resuspended in SOS sample buffer (Laemmli, 1974), and proteins were resolved through SOS­

PAGE.

Protease assay.

Protease assays were performed on approximately 5 ).Ig of spindle, spheroidin, or

polyhedrin protein as estirnated on Coomassie blue-stained polyacrylamide-SOS gel. The spindle

bodies or OBs were tirs! solubilized in '70 mM Na2C03 (pH" .3) for 30 min at room temperature.

Then 3 ).Il of PepTagC' (Oye-PLSRTLSVAAK) or PepTagA' (Oye-LRRASLG) (Promega,
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Madison, Wisconsin) were added and the sampies were diluted with water to a final volume of 15

!lI. Assays were carried out overnight at30°C, followed by addition of 5 !lI of 50 mM Tris·HCI (pH

6.8) and 0.8 !lI glycerol. The peptides were then subjected to electrophoresis on a 0.8% agarose

gel (in 50 mM Tris-HCI [pH 8.0]).

RESULTS

Infection of insect ceUs and larvae wilh AcSpin-NPV.

ln order to determine the function of gp37 in AcNPV infection a mutant virus (ACSpin-NPV),

in which the gp37 gene was interrupted by insertion of the lacZ coding region, was generated

through homologous recombination. Plaque purified AcSpin-NPV and wild·type virus were used

to infect Sf9 ceUs and viral DNA was prepared from progeny budded virus obtained from the

culture medium. Viral DNAs were digested with EcoRI and Psll restriction enzymes, and

subjected to Southem blot analysis. Interruption of gp37 in AcSpin-NPV was confirmed by

hybridization of a probe corresponding to the gp37 ORF (Fig. 1). The IE111acZ insertion in the

mutant virus (m) introduced one Pstl and lwoEcoRI sites which resulted in hybridizalion of the

gp37 probe 10 IWo DNA fragments compared to a single fragment in the wild type (wl) virus. These

results were confirmed by PCR analysis of viral DNA using primers corresponding to gp37

sequences on either side of the insertion sile (data not shown). Interruption of the gp37 ORF

resulted in truncation of the translation product alter the first 72 N-terminal amino acids. Absence

of the fuU-length protein was verified by western blot analysis of infected-ceU proteins with a

peptide antibody directed against the carboxyllerminus of gp37 (a·spAcl; data not shown). We

did not observe any differences in infectivity or cytopathic effects of Sf9 ceUs between the wild­

type and mutant viruses. Infection of Trichoplusia ni larvae wilh ACSpin-NPV OSs administered

peros also did not reveal any difference in lethalily or morbidily compared wilh wl AcNPV (data not

shown).
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Figure 1. AcSpin-NPV construction and Southem blot analysis.

A schematic diagram of the mutational insertion of LacZ is represented on top. Key restriction

sites are noted in italics N. Ncol; E. EcoRI and P, Psd. Southern blot analysis of the mutant

AcSpin-NPV (ml and wild-type AcNPV (wtl viral genomes is presented below. Sizes of DNA

markers are indicated on left side (in kilobasesl. Viral DNA prepared from infected ceUs

supematant was cut with Psd and EcoRI and probed with a 32P-labeled gp37 PCR probe.
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gp37 and p50 localization in baculovirus-infected ceUs and CbEPV 08s.

ln order to determine the rate 01 synthesis and localization of gp37 in AcNPV-inlected ceUs.

we prepared cytoplasmic and nuclear Iractions Irom inlected ceUs labeUed lor 45 min with

Tran35S-label at various times pi. Immunoprecipitations were carried out on bath lractions with n­

spAcl rabbit polyclonal antiserum. Irnmunoprecipitated proteins were resolved by SOS-PAGE

and the radiolabeUed pr"teins were detected by autoradiography. labclled g;:>37 was lirst

detected in the cytoplasm 01 inlected ceUs18 h pi and reached a maximum rate 01 synthesis 48 h pi

(Fig. 2a). At aUtime points. the majority 01 labeUed gp37 was founel in the cytoplasm. A 33-kOa

protein that probably represents polyhedrin (Guarino et al.. 1992) was non-specfficaUy prer.ipitated

and was detected in bath the cytopiasmic and nuclear lractions at 48 and 55 h pi. This protein wa~

also detected when the immunoprecipitations were carried out with preimmune antise~um (data

not shown). Westem blot analysis 01 the same fractions probed with n-spAc1 antiserum

demonstrated that 9p37 was present in equal amounts in bath lractions at 18 h pi. but was mainly

associated with the nuclear lraction at 48 and 55 h pi (Fig. 28). These results inciicated thatthere

was a migration 01 the gp37 towards the nucleus during the course 01 infection. The rate 01

migration to the nucleus was determined by pulse/chase labelling 01 inlected cells at 48 h pi.

10Uowed by immunoprecipitation 01 the cytopiasmic and nuclear fractions. The autoradiogram from

a pulse-r.hase experiment. in Fig. 2C. demonstrates thatthe majority of newly synthesized gp37

was present in the cytopiasm 30 min alter iabelling. However. by 3 h pi approximately half of the

Iabelled gp37 had migrated to the nucleus. The rate of gp37 migration towards the nucleus was

relatively slow compared to that of polyhedrin. as demonstrated by the 33-kOa nuclear protein in

Fig. 2C. The majority 01 iabeUed polyhedrin was present in the nuclear fraction by 1 h pi.

We have previously shown that gp37 (SlP) copurified with 08s through sucrose gradients

and suggested that it may be associated with the polyhedral envelope (Vialard et al.• 1990b).

Subsequently. Gross et al. (1993a) demonstrated by immunoelectron microscopy that gp37 of

OpNPV was present in cytoplasmic inclusions and not in polyhedra. In order to verity its

localization in AcNPV infection. we performed immunogold labelling on infected cells and viewed
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Figure 2. Synthesis and intraeellular distribution of gp37 at various times postinfectior•.

(A) Autoradiogram of 35S-labeled proteins immunopreeipitated by a peptide-specifie Ab (n­

spAe1) directed against gp37 and resolved through SOS-PAGE (10% polyaerylamide). (8)

Immunoblot analysis of nuclear and cytoplasmie proteins resolved through SOS-PAGE (10%

polyaerylamide), and reaeted with a-spAe1. (C) Autoradiogram of pulse 35S-labelled proteins

immunopreeipitated by a-spAc1, The position of gp37 is indicated on the right. The numbers on

the left indicate the position of moleeular mass markers (in kilodaltons). The numbers along the

top indicate hours postinfection. C. eytoplasmie; N, nuelear.
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them by electron microscopy. Immunolabelling with a-spAc1 antiserum specilically stained

spindle-shaped bodies that were present in the cy10plasm 01 inlected cells and were ollen

associated with the nuclear membrane (Fig. 3A). The micrograph presented in Fig. 3B is

representative 01 those observations and shows the nuclear membrane bilurcating around a

spindle·shaped crystal.

The CbEPV homolog 01 gp37 (SO-kDa protein) was reported to be the most abundant

protein in purilied CbEPV spheroids (Yuen et al., 1990). In order to more precisely localize this

protein. CbEPV OBs purified Irom inlected CI larvae were analyzed by electron microscopy.

Treatment with a-spCb2 antiserum !ollowed by immunogold-conjugated secondary antibody

revealed that the SD-kOa protein was a component 01 spindle-shaped stnJctures contained within

CbEPV spheroïds (Fig. 3C and D).

We al50 constructed recombinant baculoviruses lor overexpression 01 AcNPV gp37 and

the SO-kDa CbEPV OB protein (AcSpinNPV and CbSpinNPV. respectively) and viewed the

recombinant virus-inlected cells by immunoelectron microscopy. In both cases. antisera directed

against these proteins (a-spAc1 and a-spCb2) specilicaUy stained a variety 01 pleiomorphic

structures. including a number 01 spindle·shaped bodies in the cytoplasm 01 the inlected ceUs.

This demonstrated that the overproduced proteins aggregated in spindle-shaped bodies much

like their natural counterpart, and that the entomopoxvirus protein can lorm these structures in

baculovirus·inlected ceUs (Fig. 3E and F). The gp37 n~ative baculovirus (AcSpin-NPV) did not

produce spindle bodies (data not shown).

CfEPV spindle gene sequence and alignment with other spindle proteins,

The CfEPV spindle gene was amplified trom viral DNA obtained Irom occluded virions.

cloned and sequenced. Its sequence differerl trom the CbEPV sequence (Yuen et al.• 1990) by a

deletion 01 6 nucleotides (951 to 9S6 01 the CbEPV sequence) and substitutions at 6 others (nt

214: G~A: 220: A~G: 347: C~G: 765: A~C: 927: A~T: 947: G~A). The ClEPV protein has a

predicted molecular mass ot 38.9 kOa. The amino acid sequence differences resuhing trom the
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Figure 3. Immunogold staining of spindle bodies viewed by electron microscopy.

(A) Staining of a spindle body in the cytoplasm of an AcNPV infected cell (probed with cxospAc1).

(6) Spindle body surrounded by the nuclear membrane (indicated by arrow). (C and D) Staining of

spindle bodies w~hin purified CbEPV 06s (probed w~h cxospCb2). (E and F) Aggregation of the

AcNPV and CbEPV spindle proteins in Sf9 cells infected w~h AcSpinNPV (E: cx-spAc1) and

CbSpinNPV (F: (lospCb2) recombinant viruses. Bar = 0.25 J.1m.
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deietion and substitutions are shown in Fig. 4. We performed an alignment 01 the CbEPV (Yuen

et al.. 1989), CfEPV, HaEPV (Dall et al.. 1993), AcNPV (Vialard et al., 1990b) and OpNPV (Gross

et al.. 1993a) amino acid sequences using the PCGene, CLUSTAL multialignment package

(Higgins and Sharp, 1988). The resulting alignment is presented in Fig.4. The live sequences

are weil conserved and regions encompassing amino acids 126-133 and 233-249 01 the CbEPV

spindle protein sequence are perfectly conserved, suggesting lunctional importance. However,

searches through several databanks lor sequences with homology to these polypeptides were

unsuccesslul. The cysteine residues are very weil conserved and similarly spaced in the live

spindle sequences suggesting an important role in intramolecular disullide bond lormation and

structure 01 the spindle bodies.

Sllindle protein glycosylation, solubilization, and protease activity_

ln order to carry out lurther biochem:.:al analyses 01 the spindle proteins. spindles were

produced in SI9 cells inlected with the recombinant viruses AcSpinNPV and CbSpinNPV. The

spindle bodies were purilied through discontinuous sucrose gladients. Cells infected with these

recombinant viruses were OB negative eliminating possible interference by polyhedra in the

purification 01 spindles. Because tne wild-type gp37 gene was present in the recombinant

viruses. the AcNPV spindle protein was produced along with the CbEPV protein and they

copurified with each other (data not shown). Figure SA represents a Coomassie blue-s.dined

SDS-polyacrylamide gel of spindles purified through two successive discontinuous gradients.

The spindle proteins represent the major polypeptides detected in these preparations.

Contaminating AcNPV spindles in the CbSpinNPV fraction were not readily observable by

Coomassie blue staining, but could be detected by westem blet analysis (data not shown). Four

major bands were observed in purified AcSpinNPV spindle preparations. These correspond to

the various glycosylated and unglycosylated forrns previously descnbed (Vialard et al.• 1990:».

Two major polypeptides of 50 and 37 kOa were detected in the CbSpinNPV spindle preparations.

We have previously shawn that AcNPV gp37 is glycosylated (Vialard et al.• 1990b) while Dall etal.
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Figure 4. Comparison of three EPV and two NPV spindle protein amine acid sequences.

Deduced amino acid sequence of CfEPV spindle protein. CbEPV pSO (Yuen et at.. 1990). HaEPV

pSO (Oall et al.. 1993). AcNPV pp37 ryvu & Miller. 1989) and OpNPV gp37 (Gross et al.• 1993).

Alignment was generated by the Clustal algorithm of the PCGene package. Stars indicate

perfectly conserved and dots weil conserved positions. Conserved Cys residues are boxed. A

potential Ser catalytic residue is in bole!.
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Figure 5. Recombinant spindle protein purification and analysis ot N-Iinked glycosylation ot

CbEPV spindle protein.

(A) Coomassie blue stained gel of purified spindle proteins. Ac. AcNPV spindles; Cb.CbEPV

spindles. (B) Immunoblot analysis C'f CbEPV OBs purified from infecled larvae and total proteins

produced by CbSpinNPV in the absence (-) and presence (+) of tunicamycin. reacted with n­

spAc1 .
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(1993) reported that the HaEPV spindle protein is not. It has also been suggested that the

difference in predicted and observed MW of the CbEPV homolog may be due to glycosylation

(Yuen et al.• 1990j. In order to determine the glycosylation state of the CbEPV 50-l<Oa prolein, wc

treated Sf9 cells infected with CbSpinNPV with tunicamycin and analyzed the proteins by western

blot. The CbEPV protein produced in CbSpinNPV-infected cells hac a similar mobility through

SOS-polyacrylamide as the protein present in purified CbEPV spheroids (Fig. SB). Following

treatment with tunicamycin. a smaller polypeptide (42 kOa) was observed. indicating that the 50­

l<Oa protein was glycosylated.

ln natural infections. OBs are dissolved in the alkaline conditions of the insect midgut. In

order to determine the effect of high pH on purified spindle bodies. these were incubated in an

alkaline buller in the presence and absence of a reducing agent for various lengths of time.

Undissolved material was pelleted by centrifugation. resuspended in electrophoresis sample

buller and resolved by SOS-PAGE. Alter a 30 min incubation. gp37 was not detected in western

blot analysis of undisolved material using ex-spAc1 antiserum. The addition of OTT accelerated its

solubilization (Fig. 6A). When both dissolved and undissolved spindle-body prc.teins were

analysed by western blot. polypeptides smaller than the fulliength proteins were also detected

(Fig. 6B) indicating that a cleavage of the spindle protein had occurred. Cleavage of the AcNPV

spindle protein resulted in detection of a 25-\';Oa polypeptide which was recognized by ex-spAc2.

This polypeptide was not recognized by ex-spA':1 antiserum suggesting that the cleavage must

have occurred at the carboxyl terminus of the protein (data not shown). Cleavage of the CbEPV

spindle protein also occurred at the carboxyl terminus and resulted in a polypeptide of

approximately 38-kOa recognized by ex-spCb2 and not ex-spCb1 antiserum (Fig. 6B). These

results suggested that a prelease activity activated at high pH was associated with purified spindle

bodies. In order to further characterize this activity, purified spindle bodies were incubated with

two small dye-linked peptides (PepTagA1 and PepTagC1) for various lengths of time and the

peptides were resolved through agarose gels. Proteolytic cleavage of these peptides results in

changes in theïr size and charge which alters their electrophoretic mobility. Purified spindle

58



•

•

Figure 6. Spinale body salubilizatian. c1e<::'1age. and pratease assays.

(Al P~rified AcSpinNPV spindle bodies treated far 1 min (lanes 2. 5. and 8).10 min (lanes 3 and 6)

and 30 min (lanes 4 and 7) in alkaline buller in the presence (+Dn) and absence (-On) of a

reducing agent. Lane 1: untreated spindle bodies. lane 8: spindle bodies dissalved in alkaline

buller cantaining 0.2% SOS. lane 9: wt AcNPV-infected cells. Alter alkaline treatment.

undissalved material was pelleted. resalved by SOS-PAGE (10% palyacrylamide). and analysed

by immunablat (reacted with cx-spAcl). (S) Immunablat analysis of purified AcSpinNPV and

CbSpinNPV spindle bodies incubated at neutral (6.8) or high (11) pH priar ta SOS-PAGE

resalution (12% palyacrylamide). AcNPV spindle prateins were reacted with cx-spAc2 and CbEPV

spindle proteins with cx-spCbl and cx-spCb2. (C) Purified AcSpinNPV and CbSpinNPV spindle

bodies (equivalent of 5 I1g of protein estimated on a Coomassie blue stained gel) were pelleted

and bath factions (P. pellet; s. supernatant) were incubated in alkaline buller and then with

PepTagCl for 3 and 16 h at 30·C. The same quantity (5 I1g) or ten times less (0.5119 ) of AcNPV

and CbEPV purified spindle bodies (spindle) and OSs were dissalved in alkaline buller and

incubated with PepTagCl for 16 h at 30OC. AcNPV OSS were purified trom AcSpin-NPV.

Samples were then sUbmitted to electrophoresis (O.8"k agarose gel). The negative controls (-) are

PepTagCl incubated alone in alkaline buller. + and - on the left of the gel represent the cleaved

(+) and uncleaved (-) forms of the peptide.
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bodies stored in water were centrifuged and separated into pelleted spindle bodies and

supernatant fractions. The pelleted spindle bodies and supernatants were incubated separately

in alkaline butter and the dye-linked peptides were added to both fractions. Cleavage of

PepTagC1 incubated with pellets from both AcSpinNPV and CbSpinNPV was detected alter a 3 h

incubation period and was complete alter ovemight incubation. The PepTagC1 c1eavage did not

occur with the supernatants. indicating that the protease activity was aS$OCiated with the spindle

fraction (Fig. 6C). Cleavage occured with 0.5 and 5 J.lg of both AcNPV and CbEPV spindle

proteins (as estirnated on a Coomassie blue stained gel), but appeared to be more effective with

the AcNPV spindle protein. The other peptide, PepTagA1. was not cleaved by either spindle

protein preparation (data not shown). AcNPV OSS prepared from AcSpin-NPV infected cells and

purified parallel to spindle bodies through discontinuous sucrose gradients did not contain an

alkaline protease activity, suggesting that it was specifie to the spindle bodies. CbEPV OSS

purified from infected larvae containing embedded spindle bodies cleaved both PepTagC1 (Rg.

6C) and PepTagA1 (data not shown) indicating that a different and/or additional protease activity

was associated with CbEPV OSS.

DISCUSSION

ln this communication, we report further biochemical. genetic, and microscopy studies of

spindle-shaped bodies which are associated with the nucleus of AcNPV-infected ceIls or are

embedded within CbEPV OSS. We also compared the deduced amino acie! sequences of these

proteins to two oL'ler previously published sequences of spindle proteins as weil as a new spindle

protein gene obtained from CfEPV.

We have previously reported that the AcNPV gp37 protein copurified with baculovirus OSS

(Vialard et al.. 1990b). Immunofluorescence labelling of purified OSs solubilized in an alkaline

butter suggested that it may be associated with the polyhedral envelope. However, Gross et al..

(1993a) subsequently reported that in the closely related OpNPV, gp37 was associated with

cytoplasmic inclusions and not polyhedra. Ou; !'lbelled-protein immunoprecipitations and western
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blol analyses (Rg. 2). indicale lhal AcNPV gp37 is primarily associated with the nucleus of infected

cells. These results were confirmed by immunoeleclron microscopy studies that demonstrated its

presence in spindle bodies often associaled with Ihe nuclear membrane (Fig. 3A and Sl. Ils

detection in struclures Ihal remained after alkali Ireatment of OSs (Vialard et al.. 1990b) may have

resulted from residual gp37 associaled nonspecifically with Ihese structures. This is supported by

our findings Ihal spindle bodies conlaining gp37 copurify Ihrough sUCrose gradients witt.

polyhedra and are aIse dissolved in alkaline condilions (Fig. 5).

Spindle-sr.aped bodies have been reported in seme baculovirus (Huger and Kreig, 1968;

Adams and Wilcox, 1968; Gross et al.. 1993a) and EPV (Bergoin et al.. 1970; Sird, 1974; Milner

and Seaton. 1979; Dall et al.• 1993) infecled cells. suggesling a common funclion for these

slruclures in Ihese unrelated insecl viruses. Although a fu~ction has not bee.. ascribed to spindle

bodies. several Iines of evidence suggesl Ihal Ihey are nol essenlial 10 baculovirus or EPV

infection. They appear to be absent in seme EPV species and have been described in only a few

baculovirus infections. Attempts to amplily spindle protein coding sequences from AmEPV

genomic DNA. using degenerate oligonucleotides corresponding 10 weil conserved regions of

published spindle proteins. were unsuccessful (unpublished results). Aise. western blot analysis

of AmEPV-infected cells with several antisera directed against spindle proteins (described in this

report) failed to detect a spindle protein (Banville et al.• 1992). These results suggest that AmEPV

does not encode a spindle protein. The gp37 gene of AcNPV was suggested to be essential to

the viral life cycle (y'Ju and Miller, 1989). However, we have succeeded in generating a mutant

virus (Rg, 1) that encodes a truncated form of the protein. This virus was indistinguishable from

wild type virus in infection of bath insect \arvae and ceIls in culture. The course of infection in cell

cultures (production of budded virus and OSS, celllysis) was simi\ar for both baculoviruses. Levels

of infectivity in \arvae and the pathological effects produced were aise simi\ar.

The studies described above did not determine whether spindle bodies are required in the

initial stages of infection in the insect midgut. Our results demenstrate that AcNPV gp37 and the

5o-kDa CbEPV protein are the mest abundant components of their respective purified spindles
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(Fig. SA). The fact that spindle proteins aggregate to form crystal structures that dissolve under

alkaline conditions resembles the property of viral OSS. In the final stages of baculovirus and EPV

infection. the insect dlsintegrates and OSs con.aining virions are released into the surroundings.

The spindle bodies are presumably aise released and may be ingested along with OSso In sorne

EPV strains. such as CbEPV. CfEPV (Sird. 1974). and Oncopera alboguttata EPV (Milner and

Seaton. 1979). spindle bodies are occluded within spheroids which ensures their ingestion along

with infectious virions. In infections where spindle bodies are not occluded. their ingestion along

with OSs may rely on their remaining in close proximity to each other. Preliminary atlempts in our

laboratory to determine whether spindle proteins are required in the inital stage of infection were

unsuccessful. Nevertheless. the spindle protein may influence viral infectivity only in sorne

species of the host insect or under specifie conditions.

We have detected an alkaline protease activity which is associated with purified spindle

bodies (Fig. 6S and C). It has been previously reported that NPV (Eppstein and Thoma. 1975)

and EPV (Silimoria and Arif, 1979: Langridge and Roberts, 1982) OSs purified from infected

insects also contain an alkaline protease activity. However, the activity was probably due to

contamination from an insect-specific protease because it was not detected in OSS derived from

cell culture (Zummer and Faulkner. 1979). In our experiments, PepTagC1 is cleaved by both

AcNPV and CbEPV spindle protein preparations obtained from cell culture and with CbEPV OSs

containing spindles. It is not c1eaved with cell-eulture derived AcSpin"NPV OSso We can not

completely rule out the possibility that the protease activity associated with spindle bodies was

due to a contamination with a minor protein associated with these structures. However, aclivity

was not delected in the water in which the spindle bodies were stored nor in AcSpin"NPVs OSs

purified in parallel with the recombinant spindle bodies. It is possible thatthe spindle bodies are

composed of more than one protein. although our results indicate that the spindle protein is

cleariy the major component of these structures (Fig. SA).

Two recent reports describe a proteinaceous factor contained in the spheroids of

Pseudaletia separata (Ps) EPV that enhances Pseudaletia unipuncta NPV infectivity for Ps larvae
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(Xu and Hukuhara. 1992 and 1994). This enhancing factor was purified from alkali-solubilized

spheroids by a series of chromatographie steps and resulted in iden:ification of a 38-kDa

glycoprotein that retained enhancing activity. Spindle bodies are associated with infection in this

EPV (Hukuhara et al" 1990) and SDS-PAGE analysis of purified PsEPV spheroid proteins

demonstrates a pattern similar to CbEPV OB proteins. A 115-kDa protein likely represents

spheroidin and a 50·kDa polypeptide the spindle protein. Alka.i-solubilized OB preparations

contained 50·kDa and 38·kDa proteins (Xu and Hukuhara, 1994) similar to the CbEPV spindle

body protein pattern presented in Rg. 6B of this report. Thus. the 38·kDa protein that copurified

with an enhancing activity (Xu and Hukuhara,1994) may represent the PsEPV 50·kDa spindle

protein cleaved under alkaline conditions. We could not verity cross·reactivity belween CbEPV

spindle protein and PsEPV enhancing factor because the po\yclonal serum raised against the

latter prolein was nol available. These observations suggest that spindle proleins may be

proleases lhal function as enhancing factors in insect infections.

Sequence and slructure homology searches through databanks did not detect any

proleins with significanl homology to the spindle protein. Il is nevertheless inleresting to note thal

Ser-130 (corresponding to the CbEPV spindle protein) is situated in a block of 8 amino acids

conserved in ail the sequences. This serine might represent the cata\ytic residue of a serine

protease (Kraut. 1977): H-21 and 0-51 being correctly spaced to representthe rest of the cata\ytic

triad. Verification of this hypothesis would require mutation of the Ser residue in the recombinant

viruses and testing for protease activity in the spindle bodies purified from the mutant

baculoviruses. Weak similarity blocks have aise been found between the spindle proteins and two

IgA proteases (which aise contains a serine cata\ytic residue) using the BLAST program (Ahschul

et al.. 1990), but the precise nature of the alkaline protease associated w~h the spindle bodies

remains to be deterrnined.
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CHAPTER 4

The 1629-Nucleotide ORF Located Downstream of the Autographa

californica Nuclear Polyhedrosis Virus Polyhedrin Gene Encodes a

Nucleocapsid-Associated Phosphoprotein
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PREf'ACE

The two rrevious chapters described the identification and characterization of a

glycoprolein produced late in baculovirus infection that forrrs spindle-shaped inclusions. This

protein appears to be associated with an alkaline protease activity. The following two chapters

deal with a second baculovirus protein that is expressed late in infection. In this chapter. the

expression. synthesis. and cellular localization of the protein are determined through immunoblot

and immunoprecipitation techniques. Posttranslational modifications are investigated by

immunoprecipitation of radiolabelled proteins. The association of this phosphoprotein with

baculovirus nucleocapsids is determined by biochemical and immunoelectron microscopy

techniques.
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ABSTRACT

A 78-kDa protein was produced in bacteria from a clone of the 1629·nucleotide open

read;ng frame located immediately downstream fron; the polyhedrin gene of Autographa

ca/ifornica nuclear polyhedrosis virus. The identity of this protein was conlirmed by its reactivity

with peptide antiserum and amino terminal peptide sequencing after purification from transformed

bacteria. The polypeptide was used to produce polyclonal antisera in rabbits. Immunoblot

analysi.> of insect cells infected with the baculovirus indicated that two related proteins with

molecular masses of 78 and 83 kOa were synthesized late in infection. Biochemicaltraction&tion

studies indicated that both these proteins were present in purified nucleocapsids from budded

and occluded virus preparations. Immunoprecipitation of 32P-labeled proteins and treatment of

purified nucleocapsids whh alkaline phosphatase demonstrated that the 83-kDa protein was a

phosphorylated derivative of the 78-kDa protein. Furthermore. immunoelectron microscopy

revealed that the proteins were localized to regions of nucleocapsid assembly whhin the infected

cell and appeared to be associated whh the end structures of mature nucleocapdds.

INTRODUCTION

Autographa ca/ifornica nuclear poly!1edrosis virus (AcNPV) is a member of the

Bacu/oviridae. a family of double-stranded DNA viruses wilh rod-shaped capsids which infect a

number of arthropods. Following infection. these viruses produce two different types of virions

(Blissard and Rohrmann. 1990). The extraœllular. or budded virus (BV). is required for cell-to-cell

transmission and acquires an envelope by budding from the plasma membrane of the infected

cell. The occluded. or polyhedra-derived virus (PDV). is required for transmission in the external

environmenl This viral type acquires hs envelope in the nuclei of infected œlls and may contain

single or multiple nucleocapsids. The PDV is embedded within nuclear occlusion bodies (OBs).

also known as polyhedra. which protect them from the environment untilthey are ingested by a

susceptible insec\. Once exposed to the alkaline conditions of the insect. midgut. the OBs are

dissolved. the virions are released. and the infectious cycle proceeds.
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Se'feral baculovirus genes encoding virion-associated proteins have been identified

previously and are described in a recent review by Rohrrnann (1992). Some of these proteins

appear to be unique to each type of virion. For example. gp67 (or gp64) is an envelope protein

required for membrane fusion and is present only in the BV (Blissard and Rohrrnann. 1989:

Blissard and Wenz. 1992; Whitford et al.. 1989). while gp41 (or p40). a protein whose func.Kln is

not presently known. has been reported to be localized in the space between the PDV

pucleocapsid and its envelope (Ma et al.. 1993; Nagamine and Kobayashi. 1991: Nagamine et al..

1991. Whitford and Faulkner. 1992a and b). In addition. the gene encoding a protein (p74) which

is required for PDV infectivity has been identified (Hill et al.• 1993; Kuzio e: al.• 1989). but it is not

presently clear whether this protein is actually associated with the PDV or is a component of the

OBs. Recently. Gross et al. (1993b) described a protein (p16) which appears to be associated

with a temporary viral envelope in the cytoplasm of infected cells. This envelope is obtained from

the nuclear membrane as the nucleocapsids bud into the cytoplasm and is not present in BV or

PDV. In contrast to the proteins described above. the nucleocapsid proteins identified thus far

are common to both PDV and BV. The major capsid protein. as determined by ils abundance and

distribution throughout the nucleocapsid. is p39 (Bjomson and Rohrrnann. 1992a: Blissard et al..

1989; Pearson et al.• 1988; Russell et al.. 1991; Thiem and Miller. 1989b). A second capsid

protein. p8701 Orgyia pseudotsugata NPV and p80. its homologue in AcNPV. have also been

described (Lu and Carstens, 1992; Müller et al.. 1990). However, this protein is not as abundant

as p39 and its function is presently unknown. Recenlly, a 24-kDa protein associated with both BV

and PDV nucleocapsids was identilied and il seems to be evenly distributed throughout the

nucleocapsids (Bjomson and Rohmlan'l, 1992b; Gombart et al.. 1989b; Oellig et al., 1987;

Whitford et al.. 1989; Woigamot et al.• 1993). Rnally, a small basically charged DNA-binding

protein. p6.S-7.9, is associated wilh both virion types. This protein may be involved in packaging

01 the viral genome (Maeda et al.. 1991a; Russell and Rohrmann. 1990b; Wilson et al., 1987.

Wilson and Priee, 1988 and 1991).
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Recently. a 1629-nucleotide open reading frame (0111=3) from the EcoRI-1 fragment of

AcNPV was sequenced and predicted to encode a proline-rich protein with a molecular mass 01

60.6 kDa (Possee et al.. 1991). TranscriptioMI analysis determined that ORF8 is expressed late in

infection (Ooi and Miller. 1990; Pham and Sivasubramanian. 1992a; Possee er al.. 1991) and may

be regulated by transcription from the polyhedrin gene. which is located adjacent to ORF8 (Ooi

and Miller. 1990). In addition. ORF8 transcription differs between cells in culture and in dilfercnt

insect tissues; a cellular homologue(s) may also be present in uninfected insect cells (Pham and

Sivasubramanian. 1992a). Finally. ORF8 appears to be essential to the virallife·cycle in culture

since a mutant virus at this locus could not be propagated in the absence of wild-type helper virus

(Possee et al.. 1991). In this report we describe the synthesis. biochemical characterization and

localization of p78/83. the translated product of ORF8. Polyclonal antibodies were raised against

p78 produced in bacteria. Subsequent immunoblot analysis demonstrated that p78/83 is

synthesized late in AcNPV infection and is a component of the nucleocapsid. It is present in

phosphorylated and unphosphorylated forms. Finally. immunoeleC'tron microscopy studies

suggest that p78/83 is associated with an end structure of baculovirus nucleocapsids.

MATERIALS AND METHODS

CeUs and virus.

Spodoptera frugiperda (S19) insect cells and Autographa califomica nuclear polvhedrosis

virus (AcNPV) were obtained from Max Summers. Texas A&M University. College Station. Texas.

Virus and cells were propagated as previously described (Summers and Smith. 1987). Infections

were pertormed by incubating cells with virus at a multiplicity of infection of 5 PFU/celi for 1 hour

followed by remaval of tne viral inoculum. The zero·point of infection corresponded to the

addition of virus to ceUs•
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Recombinant bacterial plasmid construction and expression.

A DNA fragment containing ORF8 was synthesized by PCR using oligonucleotide primers

correspc:lding to the 5' (ACGAATCGTAGATATGAA) and 3' (TTAAGCGCTAGATICTGT) endsof

the ORF8 coding sequence (Possee et al.. 1991), The PCR product was cloned into the bacterial

expression plasmid pD-7 (Tabor and Richclrdson, 1985) at the unique EcoRI site which had been

made blunt by Irealment with DNA polymerase Klenow lragment. This c10ning procedure resulted

in fusion of a met-ala-3rg-i1e peptide derived Irom the vector to the amino terminus 01 the ORF8

encoded protein. The resulting plasmid was introduced into Escherichia coli BL21 (OE3) and the

recombinant gene was expressed by induction with 0.4 mM isopropyl-B-O-thiogalactopyranoside

(IPTG) as previously described (Studier and Moflat, 1986j,

Antisera and immunoblots_

Anti-peptide antibodies against amino acids 513 through 527 01 the ORF8 translation

product (Possee et al., 1991) were prepared by standard methods (Richardson et al., 1985).

Polyclonal antibodies (PAbORF8) against the ORF8 protein were prepared by immunization 01

rabbits with gel purilied baeterial p78 as lollows. Proteins synthesized by the recombinant baeteria

described above were separated by SOS-polyacrylamide gel electrophoresis (SOS,PAGE), and

the band corresponding to p78 was excised and electroeluted lrom the gel. The partially purified

protein was subsequentty injected into rabbits lor the production 01 polyclonal antibodies (Harlow

and Lane. 1988). For subsequent immunoblot analysis, bacterial and AcNPV-inlected insect cells

were suspended in SOS-sample buffer (Laemmli. 1970), the proteins were resolved by SOS­

PAGE, translerred onto nitrocellulose membranes, and probed with antibodies by standard

procedures (Harlow and Lane, 1988). Antibody-antigen complexes were detected by addition 01

alkaline phosphatase-conjugated donkey anti·rabbit IgG antibodies (Jackson Immunoresearch

Laboratories) in the presence 01 the substrates nitroblue tetrazolium, 5·brom0-4-ehloro-3-indolyl

phosphate, and phenazine methosullate (Sigma)•
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Metabolic protein labeling•

Proteins were labeled with Tran[35S1·label (ICN) as follows. At various times post·infection.

4 x 106 Si9 ceIls were ir.cubated in methionine·lree medium (Summers and Smith. 1987) for 20

min. foUowed by the addition 01 150 J.lCi/ml Tran[3SS].label in methionine·lree medium. Affer a 45

min incubation period. the labeling medium was removeè and the ceUs were washed with PBS.

32P.labeling 01 proteins was performed as foUows. At 24 h postintection. the culture

medium was removed and replaced whh TNM-FH medium lacking phosphates (Summers and

Smith, 1987). FoUowing a 3 hour incubation, 1 mCi/ml [32pjorthophosphate (ICN) in phosphate­

free medium \Vas added and the ceUs were incubated a further 3 heurs. The labeling medium was

removed and the ceUs were washed with PBS. The 32P-labeled ceUs were then incubated in 500

Illlysis buffer (150 mM NaCl, 0.5% NP-40. 50 mM Tris hydrochloride [pH 8.8]) in the presence 011

mM phenylmethyl sullonyl f1uoride (PMSF) and 4 Ilglml aprotinin as protease inhibitors. Insoluble

matler was removed by centrifugation and the Iysate containing 32P-labeled solubl" proteins was

stored at -SO·C.

Cell fractionation and immunoprecipitations.

Unlabeled and 35S-labeled prote!ns were separated into cytoplasmic and nuclear fractions

by detergent treatment of cells followed by centrifugation as previously described (Jarvis el a/.•

1991). Immunopreciphations were carried out on 100 III of fractionated Iysate or 32P-labeled

soluble proteins (above) in 1 ml of RIPA buffer (150 mM NaCI. 1% NP-40. 0.5% sodium

deoxycholate. 0.1% SOS. 50 mM Tris hydrochloride [pH 7.5]) containing 0.1% bovine serum

albumin and protease inhibitors. Immunopreciphations were cleared with preimmune serum and

Immuno·precipitin (Bethesda Research Laboratories) for one hour followed by centrifugation.

The resulting supematant was then incubated with 2 III of PAbORFS for a minimum of 2 heurs.

Antibody-antigen complexes were precipitated by the addition of Immuno·precipitin and

incubation for one hour followed by centrifugation. The pellet was washed twice with RIPA buffer
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and twice with 10 mM Tris hydrochloride [pH 8.01 prior to SOS-PAGE. The gels were dried and

radiolabeled proteins were detected by autoradiography.

Virion and nucleocapsid purification.

SV from infected cell medium was purilied through a sucrose gradient as previously

described (Summers and Smith. 1987) while POV was obtained from OSs as follows. OSs were

purified Irom inlected cells by detergent treatment and sucrose gradient centrifugation essentially

as previously described (Vialard et al.. 1990b) with the following modifications. Following celllysis.

occlusion bodies were centrifuged through a 30% sucrose cushion at 10.000 x g for 15 min. The

pellet was resuspended in Iysis bulfer (Vialard et al.. 1990b) containing 0.2% SOS and OSs were

purified from a discontinuous sucrose gradient as previously described (McCarthy et al.. 1974).

POV was obtained from solubilized OSs by alkali treatment with 0.17 M Na2C03/0.01 M

dithiothreitol followed by centrihJgation through a sucrose gradient as described above for SV.

Nucleocapsids were purified Irom SV and POV by detergent treatment as previously described for

POV (Thiem and Miller. 1989b).

Phosphatase treatment.

POV was incubated for 4 hours at37°C in the presence 01 3.4 unils 01 cail intestinal alkaline

phosphatase (Pharrnacia) as previously described (Parthun and Jaehning. 1992). 10 mM

NaH2P04 was included in some reactions as a phosphatase inhibitor.

Immunoelectron microscopy.

AcNPV-inlected SI9 cells were collected at 60 h postinlection and lixed in 4%

paralorrnaldehydeiO.5% glutaraldehyde in a phosphate bulfer. The cells were inliltrated with LR

White. polymerized. eut into thin sections. and placed onto nickel grids. Antibody staining was

performed as lollows. The grids were placed on drops 01 PBS containing 1% BSA lor 30 minutes

lollowed by a 2 hour incubation with Protein G-sepharose purified PAbORF8 at a 1:500 dilution in

71



•

•

PBS/O.OS% Tween-20. They were then washed in PBS/O.OS% Tween-20 :lnd incub:lted lor 30

min in a 1:20 dilution of donkey anti·rabbit IgG conjugated to 12-nm gold particles (the Use 01

protein A rather than secondary antibody rcsulted in non-specific immunogold labeling of various

infected cell structures). Finally. the grids were washed with PBS.'O.OS~o Tween·20 lollowed by

water and stained for 5 min with uranyl acetate and 2 min with lead citrate prior to visu:lliz:ltion

through a Phillips EM-400 microscope.

RESULTS

Bacterial expression of ORF8 and productIon of antibodies against the p78

protein.

The 1629-nucleotide ORF8 locat~d immediately downstream of the AcNPV polyhedrin

gene is predicted to encode a 543 amino acid protein with a molecular mass of 60.6 kOa (Possee

et al.• 1991). This ORF was synthesized by PCR and cloned into the pT7-7 bacterial expression

vector under th!! control of the T7 RNA polymerase promoter. The resuiting plasmid was

introduced into a bacterial strain which contains an inducible T7 RNA polymerase (sel' Materials

and Methods). GroWlh of the bacteria in the presence of the inducer (IPTG) resulted in synthesis

of a protein with an apparent molecular mass of 78 kOa as determined by its mobility through SOS­

PAGE (Rg. 1A). This protein. p78. reacted with peptide antiserum directed against a portion of

the ORF8 translation product (Rg. 1B). This antiserum also cross-reacted with smaller proteins

which were not related to p78 since they were present in both uninduced and induced ceUs (Fig.

1B) as weU as in bacteria which did not contain the expression plasmid (data not shown). The

antibodies did not react specificaUy whh any proteins from baculovirus·infected ceUs (data not

shown). This may have been due to low levels of synthesis of the 1629-nucleotide ORF8

translation product in infected ceUs.

The 78-kOa protein produced in bacteria was eluted from SOS-polyacrylamide gel and its

identhy was confirmed by microsequencing the amino-terminus through Edman degradation. The
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Figure 1. Expression of the 1629-nucleotide ORF8 of AcNPV in bacteria. A Coomassie blue

slained gel (A) and immunoblot (8) of the ORF8 fusion protein (see Materials and Methods) are

shown with proteins from bacteria containing ORF8 prior to induction (Iane 1) and 4 halter

induction (Iane 2) with 0.4 mM IPTG. The immunoblot was probed with antiserum raised against a

synthetic peptide predicted by the 1629-nucleotlde ORF8 sequences. Lane M contains protein

molecular mass markers; numbers correspond 10 sizes in kilodaltons. The position of p78 is

indicated.
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gel purified protein was subsequently used to raise polyclonal antibodies (PAbORF8) against the

full-Iength p78 protein (see Materials and Methods).

Time-course analysis of p78/83 synthesis and localization in baculovirus­

infected cells.

Total proteins from AcNPV·infected cells collected at vé.rious times postinfection were

resolved by SOS-PAGE, transferred onto nitrocellulose, and subjected to immunoblot analysis

with PAbORF8 described above. The results of this time-course analysis are shown in Rg. 2. Two

major polypeptides with molecular masses of 78 and 83 kOa were detected late in infection while a

pair of smaller proteins appeared very Iate in infection. The 78-kOa protein was first observed at 10

h postinfection and was prcsent at very low levels until16 h postinfection. At this point, a dramatic

increase in the expression of the 78-kOa protein was observed which coincided with the

appearance of an 83-kOa polypeptide. Although the 83-kOa protein was not initially as abundant

as the 78-kOa forrn, by 36 h postinfection they were present in nearly equal amounts. At this time

in infection, a pair of smaller proteins (49 and 51 kOa) were detected by PAbORF8. These bands

were present in much lower amounts than the 78 and 83-kOa proteins and and may represent

products of altemate transcription and/or translation start sites of ORF8. Ooi and Miller (1990)

have previously identified several RNAs which contain 5' ends wilhin the 1629-nucleotide ORF8.

Translation from these RNAs may result in truncated forrns of p78183. It is al50 possible that these

smaller polypeptides are proteolytic derivatives of full·length p78183.

The profile of p78183 synthesis and ils intracellular distribution were determined by a

combination of immunoprecipilation and western blot analyses. Immunoprecipitations of 35S_

Iabeled proteins from cytoplasmi« and nuclear fractions at various times postinfection revealed a

pattern of p78183 synthesis typical of baculovirus Iate proteins. It was actively produced by 18 h

postinfection, reaching a maximum between 24 and 48 h. followed by a substantial reduction in

synthesis by 65 h postinfection (Rg. 3A). Under the labeling conditions described in Materials

and Methods. only the 78-kDa forrn was detected and il was predominantly cytoplasmic at ail times
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Figure 2. Time course analysis 01 p78183 accumulation in AcNPV-infected SI9 cells. Proteins

Irom 2 X 105 cells were collected at various times postinlection. separated through SOS-PAGE

(10% polyacrylamide). and reacted with PAbORF8. The numbers along the top indicate hours

postinlection. The position of the 78- and 83-kOa doublet is indicated on the right: the positions

01 molecular mass markers (in kilodakons) are indicated on the left.
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Figure 3. Synthesis and intracellular distribution of p781S3 at ."arious limes postinfection. (A)

AUloradiogram of 35S-Iabeled proteins immunoprecipitated by PAbORFS (ORFS) or preimmune

antiserum (PI) resolved through SOS-PAGE (10% polyacrylamide). The positions of p7S and p31

are indicated on the right. The numbers along the left indicate the positions of rnolecular mass

markers (in kilodaltons). (B) Immunoblot analysis of fractionated proteins resolved through SOS­

PAGE (7% polyacrylamide). The positions of the 7S- and 83·kOa forms of p78183 are indicaled on

the right. The numbers along the top indicate hours postinfeclion. C. cy1oplasmic: N, 'luclear.
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postinfection. Nonetheless. both the 78 and 83-kDa proteins were detected in equal quantities in

the cytoplasmic and nuclear fractions when these were analysed by western blotting al later times

of infection. At 18 h postinfection. the majority of p78183 was present as the 78-kDa form in both

fractions (Fig. 3B). These results suggested that the 83-kDa protein resulted from a post­

translational modification of the 78-kDa polypeptide and that this process was relatively slow since

the 83-kDa protein was not detected in the immunoprecipitations of 35S-labeled proteins. Aise.

when proteins were pulse/chase Iabeled at 24 h postinfection and immunoprecipitated at various

times thereafter. 35S-labeled 83-kDa protein was not detected untit Iwo hours alter Iabeling (data

not shown).

ln addition to p78. a protein of approximately 31 kDa was aise observed in the

immunoprecipitations (Rg. 3A). However. this protein was precipitated non-specifically by

PAbORF8 since it was aise present when preimmune serum ·....as used in place of PAbORF8. A

similar protein has been previously reported in baculovirus-infected cell immunoprecipitations and

may represent the abundant polyhedrin protein (Guarino et al.• 1992).

p78183 is a nucleocapsid protein associated with both the budded and occluded

virions.

The identification of ORF8 as a late gene by transcription (Possee et al.• 1991) and

protein synthesis analyses (above) suggested that it might encode a structural protein. In orcier to

determine the Iocatization of p78183. BV and PDV were purified from infected-cell medium and

solubitized OSS respectively. The purified virions were treated with detergent to remove their

envelopes and the virion and nucleocapsid proteins were subjected to SDS-PAGE and

subsequent immunoblot analysis witt. PAbORF8. Removal of envelopes from the nucleocapsids

was demonstrated by the absence of several polypeptides (including gp64. the BV envelope

glycoprotein) in the detergent-treated virions as determined by analysis of Coomassie blue­

stained gels (Rg. 4A). The polyclonal antibodies detected both the 78 and 83-kDa polypeptides

in BV as weil as PDV nucleocapsids (Rg. 4B). However. p78183 appears to be a minor constituent
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Figure 4. Immunodetection of p78/83 associated with AcNPV virions. Virion (Vl and

nucleocapsid (N) proteins from BV and POV were separated through SOS-PAGE (10%

polyacrylamidel and were detected by Coomassie blue stain (Al or immunoblot analysis with

PAbORF8 (B). Lane M contains rnolecular mass markers (numbers correspond to rnolecular mass

in kilodaltonsl. The positions of gp64 and the 78- and 83-kOa forms of p78183 are indicated.
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of AcNPV nucleocapsids since a corresponding pair of bands WOlS not readily detectOO in the

protein profiles of purifiOO nucleocapsids stained with Coomassie blue (Fig. 4A). These only

became apparent when very large amounts of purified virion or nucleocapsid proteins were

resolvOO by SOS-PAGE (our unpublished observations). The smaller bands observed in the

western blot mOlY represent degradation products or truncatOO forms of p78/83 arising from

allemate transcription and/or translation start sites.

Post-translational modifications of p78/83.

The presence of two major polypeptides in the immunoblot analysis of infectoo cells and

purifiOO nucleocapsids suggest~~ that the ORF8 translation product may have undergone post·

translational modifications. The prOOictOO amino acid sequence of ORF8 contains several

potential phosphorylation and N·linkOO glycosylation sites. However, p78183 does not appear to

be a glycoprotein since treatment of infectoo cells with tunicamycin, an inhibitor of N·linked

glycosytation, had no effect on the mobility of p78183 in SOS·PAGE (data not shown).

ln order to deterrnine the phosphorylation states of p78183, infectoo cell proteins were

metabolically labeled with [32p]orthophosphate and immunoprecipitatOO with PAbORF8. The

"esults of these immunoprecipitations are shown in Fig. 5. Although several phosphorytatoo

proteins were observed in the immunoprecipitations, only one protein band was specifie for

PAbORF8; this phosphoprotein was not precipitatoo by preimmune serum. The PAbORF8­

specifie phosphoprotein migrated through SOS·PAGE somewhat slower than 355-1300100 p78.

Western blot analysis of immunoprecipitatoo 32P-tabeloo proteins detectoo both forrns of the

protein in the immunoprecipitations, but when this membrane was subjectoo to autoradiography

only the 83-kOa protein was detectoo (data not shown). This result suggestoo that the 83 and 78­

kOa polypeptides representoo the phosphorytatoo and unphosphorytatOO transtatio:'l producls of

ORF8 respectively. In order to confirm this hypothesis, purifiOO POV was treatoo with calf

intestinal alkaline phosphatase, the proteins were separatoo through SOS-PAGE, and then

subjectOO to immunoblot analysis. Phosphatase treatment resultoo in the disappearance of the
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Figure 5. Analysis of pl8/83 phosphorylation in AcNPV-infected Sf9 cells at 24 h postinfection.

Autoradiogram of 32P-labeled proteins separated through SOS-PAGE (10% polyacrylamide) is

shown. Lanes: 1. soluble AcNPV-infected Sf9 cell proteins; 2. proteins immunoprecipitated with

preimmune antiserum: 3. proteins immunoprecipitated with PAbORF8. The position of p83 is

indicated on the right. Numbers correspond to sizes (in kilodaltons) of molecular mass markers.
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83-kOa protein but had no effect on the 78·kOa form (Fig. 6). This effect was prevented in the

presence of the phosphatase inhibitor. NaH2P04. These data. taken together with the

immunoblot analysis of 32P-labeled proteins. strongly indicate that the 83-kOa protein is a

phosphorylated form of p78183.

Immunoelectron microscopy.

The association of p78183 with virions and nucleocapsids was verified by immunogold

staining of baculovirus-infected cells at 60 h postinfection. PAbORF8-specific staining was

observed in areas of nucleocapsid assembly surrounding the virogenic stroma and in mature

virions within occlusion bodies (Fig. 7). However. whereas p78183 appeared ta be randomly

distributed throughout the areas of nucleocapsid assembly (Fig. 7A), staining of mature virions

(wilhin the occlusion bodies) appeared ta be specifie ta the ends of the nucleocapsids (Fig. 7B).

Immunogold staining was not observed along the lengths of the nucleocapsids nor in cross·

sections through the middle of the nucleocapsids. Il was not conclusive from these studies

whether bath or only one end of the nucleocapsids contained p78183. Even though p78183 was

shawn ta be present in bath BV and POV nucleocapsids by western blot analysis (above),

immunogold staining of BV nucleocapsids in the cytoplasm or at the plasma membrane was not

detected. This ma~' have been due ta a combination of the relative paucity of SV as opposed ta

POV in infected cells and the requirement for cross-sections ta bisect the nucleocapsids 'at the

ends in arder for the p78183 protein ta be labeled. Preimmune antiserum and non-specifie

antibodies did not resutt in staining of either the nucleocapsids or virions (data not shawn).

DISCUSSION

The resutts of this study reveal that the 1629·nucleotide ORF8 immediately downstream

of the polyhedrin gene of AcNPV encodes a protein. p78183, which is produced late in infection

and is a component of bath the SV and POV nucleocapsids. The protein is present in
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Figure 6. Alkaline phosphatase treatment of p78183. Immunoblot of purified POV subjected to

phosphatase treatmE'nt anc! "eparated through SOS-PAGE (7% polyacrylamide). Presence (+)

and absence (-) of calf intestinal alkaline phosphatase (ClAP) and phosphatase inhibitor (INH) are

indicated above each lane. The positions of the 78- and 83·kOa forms of p78183 are indicated on

the right. The positions and sizes of molecular mass markers (in kilodaltons) are indicated on the

left .
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Figure 7. Immunogold staining of nuclear structures from infected ceUs at 60 h postinfection

viewed by electron microscopy. (A) Association of p78/83 with areas of nucleocapsid assembly

(indicated by arrows) surrounding the virogenic stroma (S). (6) Staining of nucleocapsids within

occlusion bodies. The bars represent 0.25 /lm.
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phosphorylated and non-phosphorylated fcmns and appears to be associated with structures at

the end(s) of the baculovirus nucleocapsid.

The tmnslated product of ORF8 located in the EcoRI-1 fragment of AcNPV has a predicted

molecular mass of 60.6 kOa (Possee et al., 1991). However, immunoblot analysis of the gene

product, dernonstrated that it is expressed in AcNPV-infected Sf9 cells as two polypeptides with

apparent molecular masses of 78 and 83 kOa in SOS-PAGE (Fig. 2). The large discrepancy

between the calculated and observed rnolecular size does not appear to be due to post­

translational modification events. Although the amino acid sequence of ORF8 contains several

potential N-Iinked glycosylation and phosphorylation sites, p78183 is not glycosylated (our

unpublished observations) and the non-phosphorylated form migrates as a 78-kOa protein (Fig.

6). Further evidence for the size of unmodified p78183 was derived from immunoblot analysis of

p78 produced in bacteria (Fig, 1) and an in vitro translation system (Pham and Sivasubramanian.

1992b). Thus. the retarded migration of p78183 in SOS-PAGE appears to be due to the high

content and uneven distribution of proline residues in the protein (Possee et al.• 1991). The

presence of these proline-rich regions may result in an extended. rigid conformation which affects

the rnobility of p78183 in SOS-PAGE.

Our virion fractionation results indicate that p78183 is associated with AcNPV nucleocapsids

(Fig. 4). Homology searches through protein data banks resuhed in the identification of various

proline·rich proteins which generally belong to either transcriptional or structural classes of

proteins: p78183 appears to belong to the latter, Virus encoded transcription proteins associated

with the virion are usually required for transcription of immediate-early viral genes (eg, VP16 of

Herpes simplex virus). However. the baculovirus immediate-early genes are transcribed by the

host cell machinery in the absence of any viral proteins. as demonstrated by the ability of

transfected baculovirus DNA to initiate a productive infectious cycle. In addition. it has been

recently reported that the presence of the 1629-nucleotide gene has no effect on the levels of

transcription from late and very late baculovirus promoters in a transient expression assay

(Passarelli and Miller. 1993b). This does not exclude p78183 from having an effect on other
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aspects of baculovirus transcription. such as tissue specificily or timing of gene expression.

However. it seems more likely that p78/83 is a structural component of the baculovirus

nucleocapsids.

Previous immunogold microscopy studies determined that two other baculovirus proteins.

p39 (the major capsid protein) and p24. are distributed throughout the nucleocapsids (Russell et

al.. 1991; Woigamot et al.. 1993). The precise localization of a third capsid protein. p87. has not

yet been determined (Mùller et al.. 1990). Immunogold staining of AcNPV-infected Sf9 cells

revealed that p78183 is associated with the ends of nucleocapsids in mature virions found

embedded wilhin OSs (Rg. 7). Saculovirus nucleocapsids contain distinctive end structures

(Adams and McClintock. 1991; Federici. 1986) which are apparently composed of proteins

different from the rest of the nucleocapsid (Surley et al., 1982). The appearance of the cap

structures is different at each end of the nucleocapsid and have been previously termed the

'apicai cap' and 'basal structure' (Fraser et al.. 1986). These end structures (in particular the

'apical cap') have been implicated in various processes. including packaging of the nucleoprotein

core (Fraser et al.• 1986). initiation of nucleocapsid envelopment within the infected·cell nucleus

(Fraser et al.• 1986; Kawamoto et al..19na). and budding through the nuclear and cytoplasmic

membranes (Fraser et al.• 1986; Kawamoto et al.• 1977b). The presence of p78183 in the areas

where nucleocapsid assembly and PDV envelope acquisition occur is consistent with any of the

functions described above and may explain the essential requirement for the p78183 gene in the

baculovirus lite cycle (Possee et al.• 1991).

The significance of p78183 phosphorylation could not be resolved from this study. but il

does not seem to be involved in determining either the localization of the protein within the

infected cell or to one of the SV or PDV phenotypes. Soth forms of p78183. phosphorylated and

non-phosphorylated. are present in the cytoplasm and in the nucleus (Fig. 3) as weil as in both

virion types (Fig. 4). Nonetheless. phosphorylation of p78183 may play a role in nucleocapsid

assembly through interactions with the nucleoprotein core or other structural proteins; the amino

acid sequence of p78183 encodes a potential leucine zipper domain which may direct protein-
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protein interactions. Altematively. phosphorylation may be involved in regulating interactions with

the envelopes during the maturation of virions.
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CHAPTER 5

Late Gene Products Associated with the Nucleocapsid

Phosphoprotein (p78/83) and RNA Polymerase of Autographa

californica Nuclear Polyhedrosis Virus
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PREFACE

The previous chapter described the identification and characlerization of a baculovirus

encoded phosphoprotein which was a component of the nucleocapsids. Following publication of

those results, anolher group reported thatthe prolein was associated with purified virions, but was

removed by detergent treatment (Pham et al.. 1993). They reported that their results implied

localization of the protein to the envelope or the space between the envelope and the

nucieocapsid. The studies described in this chapter confirm the association of the p78183

phosphoprotein with baculovirus nucleocapsids. Its presence in a complex(es) containing the

major capsid protein (p39) are demonslrated through co-immunoprecipitation studies. In addition.

several other proteins appear to form stable complexes with p78183. This chapter describes the

identification of sorne of these proteins and suggests possible roles for the previously identified

nucleocapsid·associated phosphoprotein.
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ABSTRACT

Immunoprecipitation and immunoblot analysis were performed on baculovirus-infected cell

proteins with antisera directed against several late proteins produced in baculovirus infection.

Antisera specific for p78183. immunoprecipitated this nucleocapsid-associated phosphoprotein

as weil as several other proteins at various times postinfee:ion. Further immunoblot analysis of the

immunoprecipitated proteins demonstrated that one of these was p39. the major capsid protein.

The interaction between p78183 and p39 was confirmed by a reciprocal immunoblot of proteins

immunoprecipitated by p39-specific monoclonal antibodies and the presence of the

nucleocapsid-associated phosphoprotein revealed with p78183 polyclonal antiserum. A 37-kOa

protein present in the immunoprecip~ationswas microsequenced and yielded a sequence that

corresponded to the baculovirus nuclear matrix-associated phosphoprotein. pp31. Its identity

was confirmed by immunoblot analysis with pp31 polyc"":lal antiserum. In addition, the

baculovirus-induced RNA polymerase activ~y was purified through several chromatographic steps

and was examined for the presence of a number of specific baculovirus proteins. Peptide

antibodies raised against a putat've componen~ of the polymerase (LEF-8) resulted in the

identification of a 96-kOa protein that copurified with the RNA polymerase activity at ail

chromatographic steps. Finally, p78183 and pp31 aise copurified ~h the RNA polymerase activity

through three successive chromatographic steps.

INTRODUCTION

The baculoviruses are double stranded-ONA insect viruses that infect a large number of

invertebrates. particularly members of the Lepidopteran family. They are characterized by a

complex, biphasic life-cycle that results in the production of two phenotypically distinct, but

genetically similar virion types (reviewed in Slissard and Rohrrnann, 1990). The extracellular or

budded virus (SV) is produced early in infection and acquires an envelope at the plasma

membrane as ~ ex~ the infected cell. This type of virus is responsible for systemic spread w~hin

the infected insect and is aise the forrn of the pathogen that infects cells in culture. In contmst, the
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occluded or polyhedron·derived virus (PDV) is produceè late in infection and is required for

transmission of infection from one insect to another. PDVs remain in the infected-cell nucleus

where they acquire a de novo envelope of unknown origin. Eventually, they become embedded

within large proteinaceous crystal structures called occlusion bodies (OSS), or polyhedra, that are

released upon death and disintegration of the infected insect. OSs protect the embedded virions

from environmental factors for extended periods of time. The occluded virions are Iiberated when

OSS are ingested and dissolve in the alkali conditions of the insect midgut.

Although the composition of the envelopes surrounding the two virus types is distinct

(Braunagel and Summers. 1994; reviewed in Rohrmann, 1992). the nucleocapsid proteins

identified thus far, are common to both. The genes encoding some of the components of

baculovirus nucleocapsids have been identified and the localization of their products determined.

Immunoelectron microscopy analysis demonstrated thatthe major capsid protein. p39. is randomly

distributed throughout the nucleocapsid (Russell et al.. 1991; Pearson et al.. 1988; Thiem and

Miller. 1989b). A similar distribution was described for a minor capsid protein, p24 (Wolgamot et

al.. 1993). Recently, we demonstrated that a proline-rich phosphoprotein, p78183, is Iocalized to

an end·structure of baculovirus nucleocapsids (Vialard and Richardson, 1993). A fourth protein,

pa7 (or paO), has been shown to be a component of nucleocapsids through westem blot analysis

(Müller et al.. 1990; Lu and Carstens, 1992), but its precise Iocalization has l'lot been determined.

Finally, a small basic protein, p6.9, that is believed to be responsible for condensing the viral

genome for packaging, is tightly associated with baculovirus DNA in both the nucleus and within

mature nucleocapsids (Wilson and Priee, 1990; Kelly et al., 1983; Tweeten et al., 1980).

Baculovirus nucleocapsid assembly occurs adjacent to and within the virogenic stroma, an

electron-dense granular structure believed to be the baculovirus infected-cell counterpart of the

nuclear matrix (Young et al., 1993; Wilson and Priee, 1988). The nuclear matrix is the structure·

which remains following detergent treatment. nuclease digestion, and salt extraction of the

nucleus. It is free of lipids, DNA, and most proteins, and provides the structural scaffolding for the

nucleus (reviewed in Fey et al., 1991). The intimate association of baculovirus nucleocapsids with
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these structures is demonstrated by the presence of nucleocapsids within and surrounding the

virogenic stroma (Young et al.. 1993). and copurification with the nuclear matrix (Wilson and Priee.

1988). A model for nucleocapsid assembly suggests that packaging 01 the viral genome takes

place at the virogenic stroma (Fraser. 1986). Immunoelectron microscopy studies demonstrated

the presence of the nucleocapsid-associated proteins p6.9. pS9. and p781B3 within or at the

periphery of the virogenic stroma (Wilson and Priee. 1991; Russell et al.. 1991: Vialard and

Richardson. 1993). A nonspecific DNA-binding phosphoprotein. ppS1. has also been detecled

in the virogenic stroma. particularly in ao;sociation with lilamentous structures believed to be

condensed nucteic acids (Guarino et al.. 1992). Colractionation 01 p6.9. p39. and pp31 with the

nuclear matrix alter high salt extraction confirmed their association with this structure (Guarino et

al.. 1992; Wilson and Priee. 1988). In addition to providing a scalfolding structure. the nuclear

matrix has also been shown to !'e the site of various cellular processes including DNA replication

and transcription (Berezny. 1991: Verheijen et al.. 19BB). By analogy. the virogenic stroma is

believed to be the site 01 baculovirus transcription and replication. Baculovirus infection is

characterized by the production 01 an a-amanitin-resistant RNA polymerase activity that is required

for transcription from Iate and very late viral promoters (Fuchs et al.. 1983; Yang et al.. 1991; Huh

and Weaver. 1990; Glocker et al.• 1993). The polypeptide components of the virus-induced

polymerase have not been determined. although sorne of them might be encoded by recently

identified Iate expression factors (Iefs) (Li et al.. 1993; Passarelli and Miller. 1993a. b. c, 1994;

Morris et al.• 1994).

Although many of the viral proteins described above may be components of common

structures or mechanisms. the interactions between them have not been determined. In this

communication. we report the identification and characterization of protein complexes that contain

the nucleocapsid phosphoprotein. p78183. and a number of bacu!ovirus-infected cell proteins. In

addition to forming a complex with the major capsid protein (p39). p7B/B3 was

coimmunoprecipitated with the matrix-associated phosphoprotein. pp31. Also. p78183 and ppS1

were detected in a highly purified fraction of the virus-induced RNA polymerase activity. These
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results suggest a number of possible functions for p78/83. Finally, we demonstrate that

antibodies directed against the translation product of a gene previously identified as late

expression factor (lef-S) recognize a 96·kOa protein that copurifies with the virus·induced RNA

polymerase aetivity.

MATERIAlS AND METHOOS

CeUs and virus.

Spodoplera frugiperda (Sf9 and Sf21) insect cells and Aulographa californica nuclear

polyhedrosis virus (AcNPV) were propagated in Grace's medium supplemented with 10% fetal

bovine serum as previously described (Summers and Smith, 1987). Unless otherwise indicated,

infections were performed by incubating cells with virus at a multiplicity of infection of 5 PFU per

cell for 1 hour followed by removal of the viral inoculum. The zero time point of infection

corresponded to the addition of virus to ceils.

Antisera and immunoblots.

Polyclonal antisera directed against p78/83 (PAbORF8) and gp37 from AcNPV were

raised in our laboratory and are dèscribed elsewhere (Vialard el al.• submitted; Vialard and

Richardson, 1993). Polyclonal anliserum againsl AcNPV pp31 was a gift from Linda Guarino and

was previously described (Guarino et al., 1992). Monoclonal antisera againsl the major capsid

protein (Whitt and Manning, 1988) and gp64 (Keddie et al.. 1989) of AcNPV were obtained from

Loy Volkman. Monoclonal antisera against p24 from Orgyia psedolsugala nuclear polyhedrosis

virus (OpMNPV) were reœived from George Rohrrnann and were previously descnbed (Wolgarnot

el al.. 1993). An antipeptide antibody directed against amino acids 2 through 18 of the deduced

LEF·8 sequence (Passarelli el al., 1994) was prepared as previously described (Richardson el al.,

1985). For immunoblot analysis, proteins were resolved through SOS·PAGE, transferred onlo

nitrocellulose membranes and probed wilh anlibodies as previously described (Vialard and

Richardson, 1993). Antibody·antigen complexes were detecled by addition of alkaline
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phosphatase-conjugated anti-rabbit or anti·mouse immunoglobulin G antibodies (Jackson

Research Laboratories) and developed in the presence of nitroblue tetrazolium. 5-bromo-4.

chloro·3-indolyl phosphate. and phenazina methosulfate.

Metabolic protein labeling and immunoprecipitations.

Infected-cell proteins were labeled with Tran[3SS]label (ICN) for 45 min. lhe ceUs were Iysed

and proteins coUected as previously described (Vialard and Richardson. , 993).

Immunoprecipitations were carried out on nuclear extracts (described below) or infected·cell

soluble proteins prepared as previously described (Vialard and Richardson. 1993) with the

following alterations. Briefly. immunoprecipitations were carried out on 100 Id of nuclear extract or

soluble proteins from infected ceUs in 1 ml of immunoprecipitation buller. Two different

immunoprecipitation bullers were employed: non-denaturing buller (20 mM Hepes [pH 7.9J. 40

mM KCI. 1 mM MgCI. 0.1 mM EGTA. 0.1 mM EOTA. 0.5 mM OTT) and RIPA buller (150 mM NaCI.

1% NP-40. 0.5% sodium deoxycholate. 0.1% SOS. 50 mM Tris hydrochloride [pH 7.5]). Both

buffers contained 1 mM PMSF. 2 Ilglml aprotinin and 1 Ilglml leupeptin as protease inhibitors.

Immunoprecipitations were cleared by incubation wah protein G-Sepharose and centrifugation.

The following amounts of antisera were then added to the supematant: p78183. 2 Ill; pp31. 2 Ill:

·p39. 20 Ill. lef-8. 2 Ill. Alter a two hour incubation at room temperature or ovemight at 4°C. the

samples were centrifuged briefly to remove debris. Then. 10 III of a 1:1 slurry of protein G­

5epharose in phosphate-bullered saline were added and the samples were incubated for 1 h at

room temperature. The protein G-5epharose beads were washed three limes in 1 ml of

immunoprecipitation buller and once in 1 ml of 10 mM Tris-hydrochloride (pH 7.9) pOOr to SOS­

PAGE. Radiolabeled proteins were detected by autoradiography.

Nuclear extract preparation.

The nuclear extract of log phase 5f21 or Sl9 cells infected with AcNPV at a MOI of 10 was

prepared according to Grula et al. (1981) with the following modifications. Infected ceUs were
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halVested 40 h postinfection. washed once with PBS. once with hypotonic buffer (la mM Tris

hydrochloride [pH 7.9J. 1.5 mM MgCI2' la mM KCI. 0.5 mM Dn. 0.2 mM phenylmethyl·sulfonyl

f1uoride (PMSF), 2 Jlglml aprotinin. 1 Jlg/ml leupeptin). and resuspended in 5 pelleted·cell

volumes of hypotonic buffer. The cells were incubated on ice for la min and subsequently Iysed

with 15 strokes of a type B pestle i:1 a Dounce homogenizer (Wheaton). The homogenate was

centrifuged at 4500 x 9 for 15 min and the pelleted nuclei were resuspended in 1.5 pelleted·

nuclei volumes of TGEDP buffer (50 mM Tris hydrochloride [pH7.91. 35% glycerol. 0.1 mlv: EDTA.

0.5 mM Dn. 0.2 mM PMSF. 2 Jlglml aprotinin. 1 Jlglmlleupeptin) containing 0.3 M (NH4)2S04'

The nuclei were disrupted by sonication (la times for 15 seconds w~h 2 min incubation on ice

between each pulse). The nuclear extract was diluted to 3 packed·cell volumes in TGEDP

containing 0.3 M (NH4)2S04. and centrifuged at 100.000 x 9 for 45 minutes to remove insoluble

malter. A 10% streptomycin sulfate solution was added to the supernatant to a final concentration

of 1.25% and the mixture was incubated on ice for 30 min. The solution was centrifuged at

150.000 X 9 for 90 min. the supernalant was recovered and was dialysed overnight against

TGEDP buffer. Precipitated malter was removed by centrifugation at170.000 x 9 for 45 min.

Purification of the baculovirus-induced RNA polymerase.

Ali purification steps were carried out at 40 C. The columns used in the purification of Ihe

baculovirus·induced RNA polymerase were pre·equilibrated with TGEDP buffer conlaining 25 mM

(NH4)2S04. The nuclear extracl and column fractions were assayed for nonspecific RNA

polymerase aClivity as described below. Active fraclions eluled from each column were pooled

and dialysed againsl TGEDP buffer. The nuclear extract obtained from 1 x 109 AcNPV-infecled

Sf9 or Sf21 cells was applied 10 a phosphocellulose Pll column (Whalman) and proleins were

eluted in a 20 mllinear gradient from 25 mM 10 450 mM (NH4l2S04 in TGEDP buffer. The active

fractions were combined and applied 10 a a Sepharose column (Pharmacia). Proleins were eluted

in a 60 mllinear gradienl from 25 mM 10 400 mM (N~)zS04 in TGEDP buffer. The active fractions

corresponding 10 Ihe baculovirus·incluced RNA polymerase activity were then applied 10 d DNA
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agarose affin~y column (Phannacia) and proteins were eluted in a 40 mllinear gradient trom 25 mM

10400 mM (NH4)2S04 in TGEOP buffer. The active tractions were applied to a poly(A)sepharosL'

column (Pharmacia) and the baculovirus·induced RNA polymerase was eluted in a 40 ml linear

gradient from 25 mM 10 400 mM (NH4)2S04 in TGEOP buffer.

RNA polymerase assays.

RNA polymerase assays were pertormed on Ihe nuclear extract and eluted column

fractions according 10 Reinberg and Roeder (1987) with Ihe following modificalions. Standard

reactions conlained 50 mM Tris hydrochloride [pH7.9l. 2 mM on. 2 mM (NH4)2S04. 4 mM

MnCI2. 0.6 mM GTP. 0.6 mM CTP. 0.6 mM ATP. 1 I1Ci [3H]-UTP. 100 l1g/ml herring sperm ONA.

and 10 111 of prolein ,fraction in a total volume of 50 111. Where indicated. 1~lg/ml cx-amanitin was

added 10 Ihe mixture. The reaclions were carried out al 270C for 30 min and Ihen spotted on

24mm OE81 filter dises (Whatman). The filters were washed with 25 ml 01 0.5 M Na2HP04. rinsed

in elhanol. and dried. The discs were immersed in Universol scinlillation f1uid (ICN) and

radioactiv~ counted with a 1219 Rackbeta scintillation counter (LKB).

RESULTS

p78/83 co-immunoprecipitates with a number of infected cell proteins.

Baculovirus-infecled Sf9 ceUs were melabolically Iabeled and collected al various times

postinfection. The cells were Iysed and SoJluble proteins were immunoprecipitated in a

nondenaturing buller with the polyclonal antiserum raised against Ihe baculovirus nucleocapsid·

associated protein. p78183. The precipitated proteins were resolved by SOS·PAGE. An

autoradiograph of the resolved proleins is shown in Figure 1. With Ihe labeling cond~ions used.

only the non-phosphorylated (78-kDa) form of the protein was detected. Additional pulse/chase

studies determined that phosphorylation of p78 is a relatively slow event. explaining the absence

of the phosphorylated form (83-kDa) under short term labeling conditions (data not shown). As

previously shown (Vialard and Richardson. 1993), the 78-kDa protein was detected between 18
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Figure 1. Immunoprecipitated protein complexes containing p78/83. Autoradiogram of 35S.

labelled proteins immunoprecipitated with antibodies directed against p78183 at various times

poslinfection. The numbers along the top indicate hours postinfection. The positions of p78 and

other labelled proteins are indicated on the right. Numbers on the left indicate sizes (in

kilodallons) of molecular mass markers.
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and 48 h post infection. Several smaller labelled proteins were also detected in the

immunoprecipitations Irom 18 h postinlection onwards. Three polypeptides. with apparent

molecular masses 01 45. 43. and 37 kOa. were detected in ail immunoprecipitations that contained

p78 (18 to 48 hl. A 40·kOa protein was detected only at the 48 h time point and a protein 01

approximately 33 kOa was detected at 48 and 72 h postinlection. This Iast polypeptide probably

represents the abundant polyhedrin protein. Il was precipitated nonspecifically by pre-immune

antiserum (data not shown) and has been detected as a nonspecific contaminant in previous

immunoprecipitations (Guarino et al.• 1992: Vialard and Richardson. 1993). With the exception 01

the 33-kOa protein. no other polypeptides were detected at any time point when preimmune

antiserum was used in the immunoprecipitations (data not shown).

p39 and pp31 are components of p78/83 immunoprecipitations.

Previous western blot and electron microscopy results demonstrated that p78183 is a

component 01 the baculovirus nucleocapsid (Vialard and Richardson. , 993). In order to

determine whether some 01 the proteins that coimmunoprecipitated with p78183 were also

components 01 the nucleocapsid. immunoprecipitations were carried out on nuclear extracts

prepared from baculovirus-inlected SI9 cells using antibodies directed against p78183. the major

capsid protein (p39) (Thiem and Miller. 1989b: Pearson etai.. 1988; Russell etaI.• 1991). and

another previously identilied nucleocapsid protein (p24) (Woigamot et al.• 1993). The

immunoprecipitated proteins were resolved through SOS-PAGE. translerred onto nitrocellulose

blots and probed with each 01 the three capsid antibodies. We were not able to detect a protein

corresponding to p24 by Coomassie blue stain nor western blot analysis in these

immunoprecipitations. However. western blot analysis performed with p78183 antiserum

demonstrated that both forrns of the protein (phosphorylated and nonphosphorylated) were

present in immunoprecipitations camed out with p39 antibodies (Rg. 2A). They were not

detected in immunoprecipitations performed with preimmune polyclonal antiserum or a
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Figure 2. Interaction between p78183 and p39. Immunoblot analysis with p78183 (A) and p39

(B) antisera 01 proteins immunoprecipitated lrom inlected cell extracts with four different antisera.

The antisera used for immunoprecipitation were: lane '. p78183 polyclonal antibodies: Jane 2. p39

monoclonal antibodies: lane 3, preimmune polyclonal antibodies: lane 4, nonspecilic monoclonal

antibodies. The positions 01 p78183. p39. and immunoglobulin heavy chains (lgH) are indicated

on the right. Numbers on the left represent molecular mass markers (in kilodaltons) .
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• nonspecific monoclonal antibody. Similarly. p39 was detected in immunoprecipitations carried out

with the p78183 antiserum. but not with the two control antisera (Fig 28). These results indicated

that the phosphorylated and nonphosphorylated lorms 01 p78183 were present in a complex with

p39, the major capsid protein.

ln order to determine the identities 01 other proteins immunoprecipitated with p78183,

these were translerred onto n~rocellulose membranes and the protein bands were eut Irom the

membranes. The immoblized proteins were treated with cyanogen bromide and the resu"ing

peptides were separated by high pressure Iiquid chromatography. These were subsequently

subjected to Edman degradation microsequencing. A peptide derived Irom the 37-kOa protein

yielded a sequence 01 18 amino acids (AKFKTVALKLPVAPSTTE) that corresponded directly

with an internai sequence (amino acids 209 to 226) 01 the nuclear matrix associated

phosphoprotein, pp31 (Guarino et al., 1992). Its migration through SOS-PAGE seemed to

correspond to that 01 the most highly phosphorylated lorrn 01 pp31 (Guarino et al.. 1992). We

were not able to demonstrate the presence 01 pp31 in immunoprecipitations perforrned with the

p78183 antiserum beeause il migrated close to the immunoglobulin light chains which reacted with

the secondary antibody.

p78/83. pp31. and LEF-8 copurify with the virus-induced RNA polymerase

activity.

pp31 is a nuclear matrix·associated protein that binds DNA nonspecifically. Ils ability to bind

DNA suggests that il may be involved in processes such as genome packaging, viral replication, or

viral transcription. Western blot analysis and immunoelectron mcroscopy studies indicated that il

was not a component 01 baculovirus virions (Guarino et al.. 1992; our unpublished results), The

presence 01 pp31 in p78183 immunoprecipilations prompted us to examine other protein lractions

that may contain both polypeptides. Viral transcription and replication are believed to take place in

the virogenic stroma suggesting that the virus-induced RNA polymerase may be associated wilh

• . this structure. The virus-induced polymerase was purified lrom baculovirus-in!ected SI21 cells
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through a series of chromatographie steps and probed with antibodies directed against several

baculovirus proteins. including pp31. p78J83. p39. gp37 (spindle body protein). gp64 (ECV

envelope glycoprotein) and LEF-8 (a putative component of the virus-induced RNA polymerase).

The lel-B gene encodes a predicted polypeptide with a molecular mass of 102 kDa that contains a

sequence motif conserved in DNA-directed RNA polymerases of prokaryotes and eukaryotes

(Passarelli et al.. 1994). The LEF-8 antibodies recognized a 96-kDa baculovirus protein that is

expressed late in infection (C. lorio. unpublished results). In order to confirm that the purified

activity belonged to the virus-induced polymerase. chromatographic fractions were assayed in the

presence of a-amanitin (an inhibitor of RNA polymerase Il) and tagetitoxin (an inhibitor of RNA

polymerase III). The nuciear extract from baculovirus-infected 5f21 cells was first resolved through

a phosphocellulose Pll column. which resulted in partial purification of ail RNA polymerases from

other nuclear proteins. Western blot analysis of the fractions containing polymerase activity were

probed with antibodies against LEF-8. pp31. p39. p78J83. and gp37. The results indicated that

these four baculovirus proteins were still present in the peak fractions (data not sOOwn). However.

gp64 (a BV envelope protein) was not detected. The fraclions containing RNA polymerase

activhy were then applied to a a 5epharose column. At this step. a small peak that eluted before

the oost polymerases and was not present in parallel purification of RNA polymerases from

uninfected cells. was detected (Rg. 3A and B). The fractions corresponding to the novel activity

were resistant to both (X-amanitin and tagetitoxin. indicating that it did not represent RNA

polymerase Il or III. Westem blot analysis of the fractions eluted from the a 5epharose column

dernonstrated that the presence of LEF-8 corresponded directly to the novel activity detected in

infected cells (Rg. 3C). 80th nucleocapsid proteins (p39 and p78J83) and the matrix associated

protein (pp31) aise copurified with the virus·induced activhy. The spindle body protein (gp37) did

not appear to be part of the viral RNA polymerase complex and was eluted after the peak of

activhy. The fractions containing the viral polymerase were subsequently resolved through a DNA

agarose column. Only LEF·8. p78J83 and pp31 were detected in the active fractions eluted from

this column: the p39 protein was not present (Rg. 4A and B). The arnount of LEF-8 in the active
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Figure 3. Q Sepharose column elution profiles of RNA polymerases lrom uninfected (A) and

infected (B) cells. and immunoblot of active fractions (C). (A and BI RNA polymerase activily in the

presence (filled box) and absence (open box) of (X·amanitin; incorporation of 3H·UMP is indicated

on the lefl. Concentration of (NH4)2S04 in gradient is indicated on the right; fraction numbers are

along the bottom. (C) Positions of LEF-8. p78183. p39, gp37. and pp31 are indicated on the

right: load and fraction numbers are indicated along the top; positions of molecular mass markers

(in kilodallons) are on the lefl.
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Figure 4. (A) DNA agarose elution profile of virus-induced RNA polymerase. RNA polymerase

activ~y in the presence (fiIled box) and absence (open box) of a-amanitin; incorporation of 3H·

UMP is indicated on the lell. Concentration of (NH4)2S04 in gradient is indicated on the right:

fraction numbers are along the bottom. (B) Immunoblot of active fractions. Positions of LEF-8,

p78183, and pp31 are indicated on the right: load and fraction numbers are indicated along the

top; pos~ions of molecular mass markers (in kilodaltons) are on the lell.
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fractions corresponded directly to the level of polymerase activity. The other two proteins. p78183

and pp31. eluted in the same fractions as the polymerase activity. but their abundance did not

correspond completely to the level of activity. The active fractions were purified further through a

poly(A)sepharose column. The RNA polymerase activity in the fractions eluted from this final

column corresponded only with LEF8: p78183 and pp31 were eluted slightiy ahead of the

polymerase activ~y (Fig. 5A and B) indicating that the association between these proteins and the

polymerase had been disrupted. However. p78183 and pp31 were present in the same lractions

suggesting that they remained in association with each other.

DISCUSSION

The results of this study demonstrate that the baculovirus nucleocapsid-associated

phosphoprotein. p78183. forms stable complexes with a number of infectOO-cell proteins

(including the major capsid protein and the matrix-associated phosphoprotein) and copurifies with

the virus-induced RNA polymerase activily through a number of chromatographie steps. We had

previously reported that p78183 was localized to end-structures 01 the baculovirus nucleocapsid

(Vialard and Richardson. 1993). Detergent trealment 01 purifiOO virions resullOO in removal 01 the

envelope surrounding the nucleocapsids. but had no eflect on p78183. Immunogold staining

revealed the presence 01 this protein at the ends 01 mature virions embeddOO within occlusion

bodies in the nuclei 01 inlected cells. Staining was also detected in association wilh

nucleocapsids at the periphery 01 the virogenic stroma. an electron-dense structure that is

believOO to be the sile 01 various baculovirus processes. including nucleocapsid assembly,

replication. and transcription. Anolher group (Pham et al.. 1993) reportOO that p78183 was a virion

protein associated with the envelope or the space between the nucleocapsid and the envelope.

They demonstrated that extensive detergent treatment 01 purilied PDVs resulled in the

appearance 01 p78183 in the soluble lraction. which 100 them to suggest that it was nol a

component 01 the nucleocapsids. The integrity 01 the remaining nucleocapsids was not

confirmed in that study. Our immunoprecip~ationand westem blot analysis resulls conlirrn a close
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Figure 5. (A) Poly(A)sepharose elution profile of virus-induced RNA polymerase. RNA

polymerase activity in the presence (filled box) and absence (open box) of a-amanitin:

incorporation of 3H·UMP is indicated on the left. Concentration of (NH4)2S04 in gradient is

indicated on the right: fraction numbers are along the boltom. (8) Immunoblot of active fractions.

Positions of LEF-8, p78183, and pp31 are indicated on the right: lood and fraction numbers are

indicated along the top: positions of molecular mass markers (in kilodaltons) are on the left,
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interaction between p39 and p78183. They were coimmunoprecipitated with antibodies directed

against either protein, in the presence of a nondenaturing buffer (Fig. ') and in the partially

denaturing conditions produced by RIPA buffer (Fig. 2). These results suggest that p78183 and

p39 interact directly. supporting the assumption that p78183 is a component of the nucleocapsid

and not the viral envelope or intermediate space. The phosphorylation state of p78183 did not

seem to influence ils interaction with p39 since both forms were precipitated with p39 antibodies

(Fig. 2).

Microsequencing analysis of the 37-kDa protein detected in p78183 immunoprecipitations

indicated that pp31. the matrix-associated protein. also formed a complex with p78183..Mhough

a function has not been determined for this protein, it has been shown to bind DNA

nonspecifically and copurify with the nuclear matrix alter salt extraction (Guarino et al.. 1992). This

protein is expressed late in infection and has been localized to the virogenic stroma. an eleclron­

dense structure where viral transcription. replication. and virion assembly are thought to take

place. We have previously shown that p78183 is also found atthe virogenic stroma late in infeclion

(Vialard and Richardson. 1993). The presence of p78183 in a complex containing pp31 suggests

that these two proteins are involved in a common process. One possible role is paCkaging of the

viral genome. pp31 may act as a scaffolding structure that brings viral DNA and nucleocapsids into

close proximity through its dual abilities to bind DNA and interact wilh p78183. Mematively. the

presence of pp31 atthe virogenic stroma late in infection may indicate a role in baculovirus Iate

transcription (Guarino et al.• 1992). We purified the virus-induced RNA polymerase through a

number of chromatographie steps and probed the active fractions with antibodies directed against

several baculovirus proteins. We raised antibodies against lEF-8. a putative component of the

RNA polymerase induced late in baculovirus infection and found that il recognized a 96-kOa

protein that was present in the active fractions at ail stages of the purification scheme (Fig. 3-5).

This result supports the hypothesis thatlEF-8 is a subunit of the virus-induced RNA polymerase

(Passarelli et al.. 1994). The nuclear matrix-associated protein. pp31. copurified with the viral

polymerase through three columns and was resolved from the activity ooly at the last step. A
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similar pattem was observed for p78183. whereas the major capsid protein (p39) was resolved

away from the activity in the preceding column. The copurification of pp31 with the purified

polymerase suggests that it may be invol""d in late transcription and supports the hypothesis that

it acts as a tethering structure for the baculovirus genome during this process (Guarino el al..

1992). The association of p78183 with the purified polymerasc is less evident since this protein

has been previously shown to be a structural component of the nucleocapsid (Vialard and

Richardson. 1993). Also. the gene encoding p78183 was shown to be dispensible for expression

from baculovirus Iate and very late promoters in a transient expression system (Passarelli and

Miller. 1993b). Nevertheless. p78183 may have a structural rather than enzymatic function in

association with the polymerase. Il has been shown recentiy that a component of the vaccinia

virus-encoded RNA polymerase. RAP94. is required for packaging 01 the polymerase into virions

(Zhang et al.. 1994). The life cycle of a mutant virus. in which RAP94 production was repressed.

was severely disrupted because newly assembled virions Iacked a number of late proteins that are

essential for early gene expression. It was suggested that RAP94 lorms a complex wilh ploteins

required for early gene transcription in vivo and largets them to assembling virions. RAP94

copurified with the vaccinia virus RNA polymerase in a fashion similar to p78183 with the

baculovirus-induced RNA polymerase. Alter three successive chromatographic steps. RAP94

was eventually resolved away from the major activity peak (Ahn and Moss. 1992). The baculovirus

nucleocapsid associated-phosphoprotein may have a role similar to thal 01 RAP94. Although

baculovirus immediate early gene transcription is not dependent on virion proteins. the presence

of these proteins results in a substantial increase in activation of the delayed early genes (Friesen

and Miller. 1987; Nissen and Friesen. 1989; Rice and Miller. 1986). This effect is observed in the

presence of cycloheximide. an inhibitor of protein synthesis. suggesting lhat the activation

function is associated with a virion protein(s). A protein that may be responsible for immediate

activation of the delayed early genes in infections is the trans-activator IE-1. This protein was first

identified as an early gene activator (Guarino and Summers. 1986a. 1987) and has been recently

detected in purified budded virions (Thielmann and Stewart. 1993). It has also been identified as
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a late expression factor (Passarelli and Miller. 1993b). The large proline·rich structure of p78163

may accomodate binding to several proteins (Williamson. 1994). Our immunoprecipitation results

(Fig. 1) indicate that il forms a complex with at least four other infected-cell proteins. Ils interaction

with these proteins may be required for the incorporation of several components into baculovirus

virions. The identification of the proteins that !orm a complex(es) with p78183 will help to

delermine the role of the nucieocapsid associated protein in baculovirus infection.
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CHAPTER 6

Summary, Conclusions, And Future Prospects
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The laIe phase of baculovirus infection is characterized by Ihree processes that can be

related to one another: (1) the production of two types of virions. (2) Ihe occlusion of one of these

virion types in the nucleus of the infected cell. and (3) the appearance of a virus-induced RNA

polymerase aClivity that drives transcription from the late gene promoters. Following DNA

replication. nucleocapsids are assembled in the nucleus of the infected cell. Some of these

migrate out of the nucleus. traverse the cytoplasm. and bud out through the plasma membmne.

This SV type is required for cell-to-cell transmission of the virus. The nucleocapsids destined to

become PDV remain in the infected-cell nucleus. Eventually they become embedded within large

OSs that crystallize in the nucleus. FcUowing the death and eventual disintegration of the

infected insect. the OSs are released into the extemal environment. PDVs are stabilized within

the OSs until they are ingested by another insect from contaminated food sources and the OSS

are subsequenUy dissolved due to the alkaline conditions present in the insect midgut. Through

the occlusion process. the PDV transmit baculovirus infection from one insect to another. A novel

RNA polymerase activity detected Iate in infection is responsible for transcription of the late and

very late baculovirus genes. which encode most of the virion structural proteins. and the abundant

polyhedrin and p10 proteins. The results presented in this thesis describe the identification and

characterization of Iwo baculovirus Iate proteins and experiments designed to elucidate their roles

in viral replication.

The gene encoding the first Iate protein. gp37. was found to share significant homology

with an entomopoxvirus protein that had been previously identified as a major component of EPV

OSS and erroneously named spheroidin (Chapter 2). The baculovirus homologue was produced

in relatively low amounts in AcNPV-infected ceUs and copurified through sucrase gradienis with

baculovirus OSS. Immunofluorescence studies perforrned on purified baculovirus OSS that were

solubilized in an alkaline solution. revealed staining of structures resembling collapsed OSS. This

result suggested that gp37 might be a component of the polyhedral envelope. an alkali resistant

structure that surrounds baculovirus OSS (Chapter 2). Subsequent immunoelectron microscopy

studies of gp37 in infections with the closely related OpNPV. demonstrated that it was present in
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cytoplasmic inclusions and not in OSs (Gross et al.• 1993a). In order to c1arify the Iocalization 01

gp37 in AcNPV-infected cells. we analysed its distribution in nuclear and cytoplasmic protein

fractions. Our results indicated that gp 37 was primarily associated with the nuclear lraction.

Immunoelectron microscopy studies demonstrated that gp37 was present in spindle-shaped

cocHes that were associated with the nuclear membrane of AcNPV-infected cells (Chapter 3). The

spindle-shaped bodies migrated through sucrase gradients in a similar manner as baculovirus OSS

and they were also dissolved under analogous alkaline conditions. These characteristics 01

spindle-shaped bodies explain the immunofluorescence labeling 01 the empty structures

described in the previous study. Staining may have resulted from nonspecific association 01

solubilized spindle protein with the remaining polyhedral envelopes. In contrast. immunoelectron

microscopy studies of purified CbEPV OSs demonstrated that the gp37 homologue was present

in spindle-shaped structures embedded within the spheroids. This protein was also shown to be

glycosylated (Chapter 3).

Although a function for gp37 was not determined in these studies. it does not seem to be

essentialto the virallffe cycle. We generated a mutant virus in which the gp37 coding sequences

were interrupted and no difference in the infection process between this mutant and lhe wild type

virus was observed (Chapter 3). However. the effect of gp37 on infection may be specifie to

certain insect species or detectable only in certain circumstances. Nevertheless. an alkaline

protease activity was deteeted in association with purified spindle bodies. which are composed

primarily of the spindle protein (gp37 or 50-l<Oa CbEPV OS prolein). suggesting a funclion for this

protein during primary infection of the insect midgut cells (Chapter 3). This possibility will be

investigated by feeding susceptible larvae purified spindle bodies and OSs (containing POVs)

obtained fram the spindle protein negative baculovirus.

The predicted amino acid sequences of a number of baculovirus and EPV soindle proteins

were aIigned and severa! weil conserved regions were identified (Chapter 3). In particular. a ragion

containing a potential serine protease catalytic residue was present in ail the sequences. The
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relevance of this sequence with respect to the prolease aclivily might be determined by site­

specifie mutation of tt>e potential catalytic residue.

The gene encoding Ihe second baculovirus Iate protein described in Ihis Ihesis. p78183.

was firsl idenlified as a proline-rich polypeptide essential 10 Ihe virus Iife cycle (Possee et al..

1991). Immunoblol analysis demonstrated Ihal it was proàuced in phosphorylaled and

nonphosphorylated states and lhat il was evenly distributed in cy10plasmic and nuclear fractions of

AcNPV-infected celis (Chapter 4). Ils associalion with nucleocapsids was demonslraled by

detergent treatment of purified virions which resuhed in the removal of the surrounding viral

envelopes. 80th forms of p78183 remained in the protein fraction that represented purified

nucleocapsids (Chapter 4). Immunoprecipitation of p78183 in a sbble complex that contained the

major capsid protein. p39. confirmed that if was a component of baculovirus capsids (Chapter 5).

ln addition. immunoelectron microscopy studies demonstrated lhat p78183 was associated with

the end structures of mature virions embedded within 08s. It was also detected in association

wifh assembling nucleocapsids at Ihe periphery of Ihe virogenic stroma (Chapler 4). The matrix­

associated phosphoprotein. pp31. was also immunoprecipitated in a complex with p78183.

suggesling that the phosphoprotein plays a role in altachmenl of Ihe developing nucleocapsids

10 Ihe nuclear malrix. Interestingly. both of these proteins (p78183 and pp31) were detected in

association wifh the partially purified virus-induced RNA polymerase activify (Chapter 5).

The significance surrounding the copurification of p78183 and pp31 with the RNA

polymerase activify was not delermined in Ihe studies descnbed in this thesis. However. il may

indicate that the role of p78183 in baculovirus infection is more complex than simply providing a

structural element to the nucleocapsid. One possibility is that it aets as a nucleation point for a

protein complex that eventually becomes packaged in the virions. A protein that appears to have

this tunction was identified in vaccinia virus (Zhang et al.• 1994)_ Ahhough the virus-induced RNA

polymerase is not responsible for baculovirus early gene expression. some of ils components may

have more than one role and may influence early transcription under certain circumslances. A

baculovirus protein.IE-1. which is required for Iate transcription (Passarelli and Miller. 1993b) as
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weil as transactivation of early promoters (Guarino and Summers. 1986a; Carson et al.. 1991b). is

produced throughout the course of infection and was recently reported to be a component of the

SV (Thielmann and Stewart. 1993). Immunoblot analysis with antibodies directed againstlE-1

might indicate whether it is a component of the purified RNA polymerase. The assignment of a

function to p7S/83 with respect to the RNA polymerase may be elucidated by the identification of

the other proteins detected in a complex(es) with piS/83. The precise role of p7S/83 in infection

may aise be studied through the use of a mutant virus deficient in the production of p7S/83.

However, since the gene encoding p7S/83 is essentialto the virus life cycle, a mutant virus can

not be generated by standard procedures. One possible strategy is the establishment of a stable

cell line expressing p7S/83 which could provide a suitable background for the production of a

virus defective in p7S/83 synthesis. Once purified and amplified, the mutant virus could be used

to infect a normal ceilline and/or insect Iarvae and the course of infection monitored. The point at

which the viral Iife cycle was blocked could be determined, providing a clue to the protein's

function. Future experiments conceming the role of p78183 in the virallife cycle with respect to

transcription will require further characterization of the components of the virus-induced RNA

polymerase. The role of the nuclear matrix in transcription and nucleocapsid assembly will aise

require further investigation. The reconstitution of the RNA polymerase activity in an in vitro

system will help to elucidate the roles of other Iate proteins in this process.
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Synthcsis of the Membrane Fusion and Hemagglutinin Proteins of
Measles Virus, Using a Novel Baculovirus Vector Containing the

I3-Galactosidase Gene
JORGE VIALARD.' MANON LALUMIÈRE.' THIERRY VERNET.' DALIUS BRIEDlS.' GHALIB ALKHATIB.'
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An impro\'td baculovirus expression \'cctor was de\'elo~d tu expcdite serecninl: and facilit:1tc oligonucle­
otide·din:c:trd mul.a,::encsis. Thi... ndor conl:ained twin promotcrs del'h'ed from the PiO and polyhoorin genes
of ..tutoKrapr.!..·o co/'lorn;co nuclcal' pol)'hooro...ill; virus. The PlO promoter direc:ted the s)'nthcsis of Jl­
J:313etosida.~. ""hereas the polyhcdrin promoter controllcd the synthcsLII; of foreign gene products.. Thesc two
J:cncs m:ombined with wild·!ypc virus genome to yicld recombinants which were polyhedrin ncgativc,
produerd the foreiJ:n J:Cnc product, and formcd blue plaques when Jl.J:alactosidasc indieator Wa.Il; p~nt in the
aJ:ur~ overla,)'. An OriJ:ÏlI of replication derivcd from M 13 or n bacteriophnge was also indudcd in the
pla.'IImid to permit the synthesLII; of sinl:le-stl"'3ndcd DNA. This template DNA was uscd to introduce or delcte
sequences throuJ:h the proctSS of site-spcdfie mUlaJ:enc:sis. The measles virus virion possesses a membrane
envelopc whieh conbins two f:lycoproteins: the hemagglutinin (11) and membrane fusion (F) proteins. The H
polypeptide has rcœptor·bindinJ: and hema~lutinating activity. whereas the F protein mediates virus
penetrai ion of the host ccII. fOrm:ltion of ~"yncytia. and hcmolysis of erythrocytes. Genes for Ihesc two
J:lycoproteins ,",'cre inscrtcd into the Nhd clonin): site of thc modificd expreiSion vcc:tor dcsc:ribcd uboye. The
vcctor and purificd wild·typc viral DNA wcre introduced into 5('9 inseet ttlls by calcium phosphate
plttipitation. A mixture of wild.typc and rtCOmbinant virus was J:eneratcd and uscd to infcc:t Sf'9 cells, whieh
""ere subsequcntly overlaid ""ith a):aro5C. Aner 3 days, 0.1 to 1% of the plaques bcc:ame blue in the presence
of JJ.J:alactusidasc indic:ntor. At lca.~ 70% of these blue viral colonies conl:aincd the foreign gene of intercst as
dctermincd by dot blot analysis. Recombinant virus was separatoo from contaminating wild-type virus through
several rounds of pbque purification. Insect cells were then infcc:tcd with the purifioo recombinants. and
.ynthesi. of H and F proleins was .erifitd by <odium dodoeyl sulfate-poly.erylamide gel eledrophon:sis
followtd by immunoblol deledion and Coomassie blue staining. Glyc:osylalion of Ihe proleins .ppeartd 10 ""
imp...ircd somewhat. and the pr«Ursor to the F protein was not completely eleavcd by the proteases present in
inscct hm1 cells. On the other band, both proteins appcared to be active in hemagglutinution, hemolysis, and
ccII fu.'IIion a.~,)'s. Levels of synthcsis were in the order of 50 to ISO ml: of protein pcr 10" tells.

)

The baeulovirus-insect ccII expression system has gained
wide populnrity as a means of expn:ssing foreign genes for
high·le.el produelion of relev.nl prolein. (27. 36, 55). Bac·
ulovirus expression vectors use the strong. efficient p~
moler from the polyhcdrin gene to direet transcription of the
forcign genc, Polyhedrin protein is normally synthcsized
very late in infection (24 to n h postinfcction) and can
account for 20 10 SO% of the total protcin made in infectcd
cells. This pro1cin. which is not cssential for virus replica­
tion. associ:ltes with virions in the nucleus to produec
proteetÎve slructures called occlusion bodies. Thes«: bodies
ean e.sily "" diseemed by Iighl mieroseopy (S9). The under·
lying principle behind this expression system relies upon
vec;:tors which direct rccombination and substitution of the
polyhcdrin genc \Vith the forcign gene of Întcresl. Recombi­
nant virus is produccd. which forms pl;lqucs that an: occlu·
sion body ncgalivc "md express the forcign gene producl to
various dcgrcc!\..

The Olllst widc:ly u!oocd tr,u~sfcr vc.."Ch.lrS for introdudng
forcign genc.. into wild.tyl"C h;lcldovims ;lrc pAc:l73 (50. S1).

• C"rrc"'ron"'in~ aulh,'r,
t PrC!roC'nl ;u,hJrc......: ,,,,,bette Corpomti"n. Downwicw. Ontario,

Cana"'... ~t3J 11'3.
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pE·SS (35), p89B310 (15. 31), pAeYMI (32), and pVL941
(29). These .celors eont.in the S'· .nd 3'·n.nkins regions of
the polyhedrin sene. the polyhedrin promotcr .nd poly.de·
nylation site••nd pUC8 Amp' for growins Ihe plasmid in
EJcht'richili coli bacterial cuhures. Insertion of the recom­
binant gene inlo the wiid-typc virus genome relies upon a
proccs.~ of homologous recombination between the nanking
sequences of Ihe veetor .nd wild·typc DNA. Other veelors
eonsisling of fu«d polyhedrin and foreisn gene·eoding «.
quenees have also been dcvelopcd (28).

Scn:ening recombinant viruses and purifying virus con­
tainins the: fon:ign sene away from contaminating wild·typc
virus c;m he laborious and time-consuming. This process can
involve: severdl rounds of plaque: purification by using visual
scrce:nins or hybridization techniques to detect recombinant
plaqu",~. An approach whc:reby two diffe:rent promotcrs
controlling ~·galactosidase and forcisn sene: expression re­
combine as a unit with wild·typc: viidl DNA has proven to he
very suceessful with v;lccinia virus (5). Recombinant virus
W;l~ \'i~ualilcd as hlue pl;lqucs whcn ~·s.,lactosidasc indiea­
tor was included in the asar overlay or plaque assays.
Reeently Pennock cl .1. (40) have dcseribcd a lxIeulovirus
vector which cont.lins Jl-galactoliidase under control of the
polyhedrin promolcr together with a unique P,..II site for
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inscrti~)n III rl'r~i~11 g~n..:~ unllt:r thcir ll\\n {'rllmuter l:lHllrlll.
This \'c:~1l1r \\~" tl~cd tll l::'I:prcs:- chlor;lmphcnicol ;\cc:ty!.
trdnsfcr.\sc cl1nlrl1lh:J hy the rronUl1cr from the 1"'"1; ter·
min;}! rcpc:u \lf R\lUS s;,rcoma virus t4L Low lcycb \lr

chloramphcnicll! OIcctyltr.msfcr.lsC \ven: s)'nthcsizcd in Icri.
uorter:m. ùiph:ran. :md mamm:lli;tn cclls. Bllth prl1molcrs
\Vere tbsuc s~lo.':ilk. ;Iod "'ir.ll replie.nil'" W;'lS host llcren­
dent ant.! llccurrcd only in Icpidoptcr.m St:!l cclls. ln'o'l:sti­
galors in ;l""lthcr lilhoraiory constructcù a b'lculovirus
cxpn:ssion vcCh,lr which clmt:,incù two Pl,lyhcdrin gcnc
promotcrs (lOI. One promotcr controllc:d ~ynthcsis of thl.:'
norm31 occlusion body prl)ICin. and the olher dircclcd syn~

thcsis of the nuclcoc.lpsid prolcin from lymphocYlic ehuri­
omeningilis viru~. This \'CCll)r proouccd occh..dcd rccombi­
nant ,drus. No botculuvirus vcctor cxprcssing forcign gencs
under conlrol of lhe strong polyhcdrin promlncr logcther
wilh anolhcr promOlcr controlling J)·galactosidase synthesis
has yet been dcscribcd. Such a vector would greally f;'lcili·
talc lhe screening and purification of recombinant \'irus by
generalin!; blue recombinant colonies in plaque assays.

Our labeml0ry ha:- becn intercsted in obtainins larse
quantilics of vir.,1 membrane proteins for the purposc of
studying virus·hl)st ccII inleractions. For this rcason. wc
decided 10 express lhe two membrane slycoprolcins of
measles virus in the baculovirus expression system. The
membrane fusion (F) and hemasgJutinin (H) protcins of
measles virus have: been doncd and sequenced in our
laboratories 11.43). The H prolein is rcsponsible for host ccII
attnchment and confers hemasglutinalion activity to the
virus. The F protdn. on the other h;,md. direcb pcnc:trdtion
of the host cell by the \·irus. causes formation of syncylia or
gianl cells. and mediales hemolysis of erylhrocyles. Ali
these activilies involvc membrane fusion and rcquire proc­
essing of a prccursor protein (F,J by a cellular proteasc
(47-49l 10 yield two disulfide·linked subunits (F, and F,l. By
analosy. the l'nl" protein of human immunodefficienty virus
is also cleaved by proteascs and also possesscs membrane
fusion activilY (26. 30. 33. 53).

The H protein of mcaslcs virus W"J,S rccently expressed in
an adenovirus hclper·free vector system at levels 65 to 130%
of those seen in cells infected with measles virus (2). This
system produces funclional H prolein with accurate glycos·
ylation and ccII surface expression. Other paramyxovirus
glycoproleins have heen c.prcssed in a hclper-dcpendent
simian virus .w ISV40l vector system (38) and the v:lccinia
virus expression system 09. 54. 60). Levels of expression in
these s)'slcm!ro arc disappointingly low. howcver. In an
attempt to increasc the production of recombinant prolcin.
the hemagglutinin·neur.,minidase protein of pardinnuCnZf.1
virus type 3 has becn synthesizcd in a baculovirus expres­
sion system (7).

ln this papcr we report the construction of an improvcd
baculovirus expression vector designcd to accclerdle the
screening of recombinant virus and permit oligonuch:otidc·
directcd mutagenesis. This vector containcd two promoters
active very late in infection: the PlO promoler and polyhe.
drin promotcr. PlO i~ a protcin synlhesized very late in
infection. and it pla)'~ ~omc role in the :Isscmbly ofocclusion
bodies (52). The ~c:quc:ncesof the PlO promoterand PlO gene
product have been rcported (21. 24). The PlO prum(,)ter h;'ls
been uscd in our 1~lhurdtor}' to din.:ct the synthl,."!\is or
~galactosidase while the polyhcdrin ('lromotcr conlrullcd
the synthesis of lhe rorcign gc:ne praducts. The lwo genes.
toscther with thcir promolcrs. recombincd al high rrequcncy
with wild·typc \'irdl DNA to yidd recombinant virus. which
produced blue plaques when inrectcd cclls were overlaid

with :l!=.:lr,'~e ~,UH~I1tlIl1!=. ~\·!=.~II:I~hl ... i,i:I...e lIhlllt,";lhll. :\n ''l'i~:in

,'1' n:rlil.::1ti'1I1 I"l'llm n !"l;ll.:teri"l'h:l!=.e W:IS indmlc:,t in the­
pl:l~mid I.:,'n~trul.:ti,'n I,' î;l~ilit:lh" the- wt11hc:~i~ ,,l' :.in..:h.·,
str.lndc:d DN:\ b~nN:\). whi~h "",'ul,l ...u~~equentIY!"le \;~e,1
tu inlf\'I\lu..:e mUI:lli"lb wilh "Ii~lll1udc"tillc: ... (3oJ. 4hl. l'hi ...
\,cct\lr \\'a~ lI~cd III e:\l're~ ... the F :111..1 Il ~cnes l,f llll..:l ...h.· ...
\'irus in St'J in~e~1 ..:clb, The-... e- rrutcin~ we-re- rn'l\hll,,'ed in
1:lrgc qU:lOlilies ;,ml! we-re hil,lugi~Ollly ;1I:1i\,e- in he-ma~luli

n;Ition. hcmolysis. :ml! 1.:c:l1 fusiun "S~\ys.
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CcUs ;,md Virus. Sf)odol'tf'm /,."g;I'(·r(/a (SF9) ins:oCl ~c1I ...
:md AUlogmf'ltcl nl1U;,,,,inl nud::\r rl)lyhedfll~i:'o ",iru"
(r\cNPV) werc oht;'line-d (mm Ihe l:lhor;'ltmy of MOl' Sumo
mcrs (Tex:!s r\ & M Uni\'ersity. Cullcge St;'ltÎlm. Tex.). Cclb
\I,'crc culturcd in Gr.lce medium (GIUCO L:.lbl)r.II,'ric~.

Gr.lOd Isl;,md. N.Y.) supplcmenlcl! with lw;;. rel:II c",lf sc·
rum. TC Ycastolalc (Difco L:.llx)r.lhuies. lXlrl)it. Mich.),
lactalbumin hydrosylatc. 50 J.Lg or genlamicin sulf:ltc pel' ml.
:,"d 2.5 J.Lg of ;,\mphotericin B (Fungilone) pt'r ml in cither
Falconwarc T nasks (Becton Dickinson L:.lbw:m:. Oxn<.trd.
Calif.) or spinner n",sks (Bellco GI;'Iss.lnc.• Vinel;,md. N.J .•
;'ll 2SOC by the proCedures of Summcrs ;,ml! Smith (55).

E.f("/'t:"r;("/ûa ('oU DH5 ;,mu MC1061 were obt:lincd from
David Thom;,\s. Biotechnology Re~e",rch Institute. Montre:ll.
Quebec. Can;'ld;'l. B;"cteri:ll cc:lIs Wcre lr:msformed by pub­
lishcU melhods (13).

Antio;cra. Antisera werc prep:ncd :Ig",inst cilher llligllrep­
lides or purified prolcins by puhlished procedures (44).
Rabbit pelyc1o",\1 antiscrum W;,\S Obl:lincd from the I:lh(,.lr:l~

tories or Aimo S;,dmi. University of Albert;'l. Edmonlon.
Canada. and T:lmas V;"rs;,myi. K:lrolinsk;'l Institute. Slock­
holm. Sweden. An1iserum dircctcd ;,s;"inst lhe c:lrboxy
terminus of che membrdne fusion prolcin of me;'lSles virus
w.s prep.red from lhe peptidc NH,·SRPGLKPDLTGTSK
SYVRSL·COOH.

Chemicals and rea.,:nts. Restriction enzymes Were pur·
chased l'rom Nc:w England BioL:.lbs. Inc.• Beverly. l\1:1SS.

Oligonuclcolidcs :md olisopeptides were ~ynlhesilcd on
380A and 430A synlhesilcrs (Applied Biosyslems. Inc..
Fosler City. Calif.l. respectively••llhe Biolechnology Re·
scarch InstÎlute. Radioisol0PCS (1:~I·I"bclcd prolcin A 130
mCilmgl.nd (u-"PICTP 13.000 Ci/mmolJ) were from Amer­
sham Canada Ltd .• Oakvillc. Onlt.lrio. C;,mada. Radio:.lclive
probes for dOl blot hybridizations Wcrc synlhesizcd by using
lhe Mulliprimc DNA-I.lx:ling system (Amersham C,on"d"l.
Endoglycosid"se H lcndo Hl "nd glycopeptid"se F wcrc
obtained from Bochringcr M:lOnhcim C:madil. Oorv:lI.
Quchec. C"n"d". Nitrocellulose p:lper w"s supplied by
Schlcicher & Schucll/Spcctrex. Willowd"le. Onl"rio. Ç;on·
ada. "Rainbow·· molc:cular wcight standards for protcins
camc from Amcrsham Canada. Powdcred skim milk C;'lme
l'rom Carnation. Toronto. Ontario. C"mld". Afriean grcen
monkcy crylhrocytc~ in Aisevicr solution were purchascd
from IAF Biochemic"ls. Lilv"l. Quchec. C"n"d". Illuo-G"I
came from UClhcsda Research ulhordloric.... Inc.• G:lilher~·

hurg. Md. Sc,i1PI:lque ag;;lro~c wa' ohl:lined fmm FMC
Curp.. M:lrine Colluid~ Div .. RocKI;.md. M;'line: Gr:ICC inseci
medium lwilhout hcmolymph) :Ind rel:11 c:llr \crum werc
uht~tincd frum GIBCO/BRL. Burlinglun. Onl:lrio. C:mad:l.

UN/\ plasmid and \'l'(."lur l·ons.rudicms. Thc veelor
pJV(Nhel) W;'I~ cun,lruclecJ by modifying lhe p'lreRl h:lculu·
virus lr:lnsl"Cr vech)r pAc373. Thesc ...Iep~ .Irc summ:lrized in
Fig.. 1. J>urilicd genomic DNA l'rom AcNPV W;'tS dige...lco
wilh /::t'oKI. ",nll the l:."c·oJU l' rr.sgmcnl (24) W;'I' i~ulatcd.
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Thi:\ DN:\ W;lS di~C'sh:d wilh .\'/aI11 h' prouuce' " ~"(\'

nuclc.:otidc segment of DNA which c('1nl;ünc:d the pn.mllllcr
:lnd S'-nonct'rJing rcgion l'If the rnRNA fM PlO prolcin. l'hi ...
N/aItI fr:lgmcnt w:\s insertcd inlo the comp.ltihlc Sl1JIi site of
pUC19. :\ poIY:ldcnyl:uion signal W:1S bo!;\tcd from SV.Hl hy
using the n:striction enzymes Bdl :ml.! BamHI and lig:lh:o
ioto the cllmp:ltiblc BtlmHI sile of the prcviou" pUC19
construct. Ta complete: the J3,-galactosid:1SC tr:mscription
unit. the coding rcgion for Ihis enzyme \Vas rcmo\'cli rrom
the: vcelor pAc360 tsupplicd by Max Summers) hl' using
8amHI. This gene \\'as subsequentl)' inscrh:d inlll the Sull
rcstrictkln site of the pUC19 construr.t by using blunH:nù
Iigation.

Anothcr plasmid. IpDC125. W:tS de:ri\'cd from pt\c373 and
was formcd bi' including the origin of DNA rcpli,'~;\t1on from
n phage in the vector. This step invol\'cd the isolation of a
Sl4·nuclcotidc fmgment from pEMBLS following digestion
of the DNA with RsaI. The: n origin was inserted into the:
EcoRI site of pAc373 in an orientation which yields ssDNA
that is complcmcntary to polyhcdrin or forcign gcnc mRNA.
A plasmid with the n origin in an opposite orientation
(lpOC126) was also constructed but was not used in thc:se
cxperiments. IpDCI25 was partially digcstcd with S,,1l and
ligatcd to the Xlwl·B"mH\ fmgment ofpUCI9 \..,cZ. which
contained the transcription unit of ~.galactosidasc:. The
orientation of the various frngments was vc:rificd by using
restriction c:ndonuclc:asc:s and DNA sequcncing ;lcross the
various junctions.

Additional ehanges in the modified pAc373 vcctor de·
scnbed above werc made to includc: a unique Nhd c10ning
site: into which foreign genes could he introduccd as weil as
to create an initiation codon for the ~.galactosidase gene.
ssDNA was synthesized in E. coli CJ236 as described bclow.
Two oligonucleotides [(ATG oligo)ATIlACAATCATGCC
TGCAGAGCTCGGTACCAIQTGCAGGTCGGATCCCGT
CGTITfACAACG and (NI,,\ oligo)CAGTITfGTAATAA
AAAAACCTATAAATATTCCGGATTATTCATACCGTC
CCACCATCGGGCGTGCIAGCGGATCCTTTCCTGGGA
CCCGI were annealed to this ssDNA template. elongated
with T4 DNA polymemse. and introdueed into competent E.
coli DHS. Mutant plasmids were identified by napping with
restriction enzymes. and incorporation of the ':'olTCct oligo-­
nueleotide was verified by DNA sequencing.

Oligonucleotide-directed in vitro mutagtnesis. The site·
directed modifications of the vcctor described above were
perforrncd by using the Muta·Gene in vitro mutagcnesis kit
(Bio-Rad Labomtories. Richmond. Calif.). This technique is
based upon the method deseribed by Kunkel ct al. (22). in
which DNA is synthesized in a Jill "nll double-mutant
bacterium to produce nascent DNA which contains a num·
ber of ur~cils in place of thymidine. The umcil·containing
strand ean he uscd as a template for in vitro synthesis of an
oligonucleotide·primed mutant strand whieh doc~ not con·
tain umdl. When the resultant double-str~nded DNA
(dsDNA) is tr~nsformcd into normal E. mli str~ins, the
urncil·containing strolnd is inaetivatcd and only the non·
urolcil·containing strolnd rcplicates.

Blunt-end li~.lion.s. Vector DNA (S ~g) was digcstcd with
NlId. and S' protruding ends werc fillcd in with Klcnow
DNA polymer~se. Vector DNA (2 ~g) and inscn DNA
eontaining the forcign gene (2 JJ.g) were ligatc.-d ovcrnight 'It
room tcmperolture in the presence of 0.5 mM ATP and 2 ....1
(60 U) ofT4 DNA ligase. Ligations wcrc repeated the next
day for 4 h after the addition of more Iigase and ATP.

DNA transfections and plaque assays. Plasmids containing
forcign genes wcre trolnsfected into Sf9 cclls togcther with

1. \'114111

willl-Iyp..: \'Iral D:":\ hy tI~in~ Ilu: ~ah,."iulll plw'l'h'IIC rrl'\."ip­
it:\lll'" tcd1l1iqllc (551. PI:lquc ;'~~;IY~ Wl."rc pcrll.'nlll.."d ;1~

rrc\'iuu~ly dc~c.:rihc~t (55) llll ~ultun: pl..tc~ {100 hy 15 mm).
Infc.:c.:lc:~1 cdb werc l",cri'lill \Vith Ir(. SC';\P!;U.1UC' ;1~;lrl\Se

dilulcll with Gr:lcl" medium (Hl III1 pel' ri:" .... ), ..\flel' ;, J-d:IY
inrcctilill Ih.... culturc pl>lleS \Vere ll\'erl.,ill \Vith l~r' :'~:lrll~C in
Gr.\CC mCllium c.:ont'\Înin~ l~O ....~ l,r UlUll_(J;\1 l'cr ml (.1 ml
pel' rIOlte). Thc llIm)-GOl! WOlS dispensed from a 50-mwrnl
:'>olution in dimethylfllrm:unide. Blue spots !xc;mlc vi,ihk
a!"tcr 6 h,

L"Ol:Ition of recombinanl ,·irus. Plnqucs \\'hich stained hlnc
in the presence 1,)f mUl)-G;;ll wen: picked wilh P;lsleur
pip.... ttes .md plOlced in 1 ml ~lf Gr.\CC medium ..:ontainin~ 1(lr;.
fetal calf serum. The virus \v"s ;tllll\vell III du te l'mm 1he
:lg.lrosc plllg uvcrnight ;;It fllom temrer;;lture. Pl"que .\Ss;,y~

wcre .Ig..in pcrformcù ..t 10-. 100-...nll l/w'lO·fold ùilutions.
lnfecte:d ccll:-; were: o\'crlaid with i\~arllSC cont;IÎlling Hlml.
Gal. ;;,"lI thc blue phlques \Vere picked ;"fler 3 days .lllli
:-;ubjectcd to pl:lque purific:uion. UsuOllly thrc:e to fi\'e rllUOlb
of pl;,qlle i\Ss.,ys wcre sufficicnt tu gencr:.lte recombin.lIlt
virus totOllly free from contamini\ting wilt.i.typc vims. Iso­
lated recombin;;'"t virus WOlS finally ;,mplified in Sl'Q ecUs tll
yicld titers of 10" to 10" PFU/ml.

Nuc:leic acid dot blot hybridizations. Microdilution plates
containing 24 wetls \Vere seeded with Sf9 cens ott ;l c.Iensity
such th:lt they \Vere half connuent. The ecUs wcrc then
infccted \Vith cither :m :lg:1rosc plug or 50 J.LI of medium
cont:lining recombim'"t vims :md \Vere atlll\\'cc.l to incuh;;\lC
for l week.

Nucleic acid dot blol hybricJil..:'tions werc pcrforrned by :t
publishcd method (SS). Cclls in microdilution pl:ltes were
lysed with sodium hydroxidc. neutmlilcd with ammonium
acetate. :lOcJ sponcd onlo nitrocellulose p"per by using :,
vacuum manifold. These fittcrs wcre \V:,shed in 4x SSC (1 x
SSC is O.IS M NaCI plus O.01S M sodium citr~te [pH 7)), :lir
dried. and baked at IlO·C for 2 h. The s:.mp!cs were prehy­
hridized in SO% formamidc~Sx Denh:lrdt solution-Sx SSC­
\% glydnc:-lOO ~g of den:ltured herring sperm DNA per ml
for 3 h at 4S"C. "P-I:lbeled probes were prepared by usin~
the protocol supptieeJ with the Multiprime nllc1eic Olcid kil
(Amersham Canada). Probes werc prepared from 0.5 ~~ of
purified DNA containing the fore.gn gene of interest. Hy·
bridizations took place in SO% formamidc-S x SSC-\ x Den·
hardt solution-O.3% sodium dodecyl sulf,ue tSDS)-100 l'og of
denatured herring sperm DNA per ml for 12 h :lt 4S·C.
Nitrocellulose filtc:rs were then washeeJ four limes wilh 2x
SSC-I% SDS for 10 min :lt SO·C 'IOd finally with 0.2x
SSC-O.2% SDS for S min at SO"C. The filters were exposcd
to X-my film overnight at -70·C.

Polyacrylamide gel tlectrophoresis and immunobloL'i. Tot:11
cellular proteins were lysed in c1eetrophoresis samplc buffer
10.06 M Tris hydroehloride[pH 6.81. 4% SDS. 40% g1yecrol.
3% dithiothrcitol. O.OOS% hromphenol blue). DNA W'lS

shearcd by paSs;lgc of the S:lmplc through a 26--g:luge necdle
10 times. Samples were .lpplied 10 Kor 10"fi, acrylamide gels
(acrylamidc/bisacrylamidc weight r~tio. 37.5:\) 'IOd sub·
jectcd to c1ectrophoresis Olt 100 V overnight by the mcthod of
I."lemmli (25).

Following c1ectrophoresi,. protcin, wcre tr.IOsfcrrcd 10
nitrocellulose shee1s .md prohcd with OIntibody. "neJ Olntil:cn.
antihody complexes were detectcd wilh r.ldioiodin;,tcd pro·
tcin A (3. 56). The nitroeelllllo,c ,hects were incubi.ltcd for
20 min :,( mom temper.ature in pho,ph:ate-bufTercd ~llinc

(PBS) containing S% powdcrcd skim milk 10 hlock non,pc·
cilie hinding. The samplc WOlS then incuhated for 12 h with:l
I!WO dilution of ;mtibody in PBS containing 5'Y" milk 'Ind

\
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Il.U)r;; "UdUHIl ;Inlle. hller .. \\'en: \\;I ..llI,:llllm.:e Wllh PUS hlr
10 min. lwil.·C' \\.'Ilh PHS ,,:unl;linin~ n.l'.; lri:on X·JOU for 10
min. ;ual tin:llly :1l:Olin wilh PHS for III min. I{;llliull'tiin:ltC'd
prulcin 1\ (:! ~Ci) W;I~ :uJlIcd lu ,1 ';(I·ml ~olution of 5t;:~

milk-H.()5ti~"Ol.liurn ;1J:id~ in PUS and ira:ubalcd \Vith ..h'IJ..;,jn~
for 2, h. The blcl" wcrc: tinally w:l~hed \"'Îlh PHS for 10 mm.
t..... ice \Vith PUS cont:lining 1 M ~....Jillm \:h!oride for 10 min.
and lin;,lIy with PHS fur 10 min. Thc~e nilroccllulo..c ..hcets
",cre fin:llly exposed to X·Omat AR film (Eastm;,m KocJ:lk
Cu.. Ro\:hc..ter. N. Y.) with intcn..ifying. screcns for 6 to 12 h
al -7()"C.

An;;')"si!' of C':.rboh)'dr;,:tcs. Protcin:-- wcrc cJi~esh:d with
glycupepticJ:I"C For encJo H by pllhlishecJ methllds (45). CclI:-.
(2 x 10') contOlininl: Ihe ;Ipprupri:lh: recombinOlnl protein
\Vcre centrifugcd :lt low ~peccJ. :md the pellet W:IS suspcncJccJ
in the :Ippropri:lte enzyme ineuh'ltion hun'cr. Incubations
with glyeopcptiûase F were pcrforrned hy using Hl(). ....1
aliquots contOlining SO mM Tris hydroehloride (pH S.6,. 2S
mM EDTA. 1% Triton X-lOO. }';(; 2.Olerc"l'Hocth;,"ol. 0.2%
SDS. :lnd 0.4 U of enzyme. For end«.l H digestions. the
S:lmples wc:rc macJe up to 100 ....1 \Vith 0.1 M soûium "cetate
(pH S.OI. U.:' M sodium chloride. Ir,;. Trilon X·lOO. 1%
2·merc41ptoc:thanol. 0.2'lé SDS. and 2 mU of endo H. Incu·
b:l1ions were ;tl1owecJ to procced for 8 h at 37°C. Protcins
were precipitatcd by the addition of 250 ,..LI of eold eth:,"ol.
brieny 'Iricd undcr vacuum. and subjcctcd to SDS·polyacryl­
:lrnide gel electrophoresis followcû by immunoblo: :,":llysis.

Sr9 ecUs (:! x 10:") and VerQ cclls (2 x lOft) \Vere infccted
with recombinant b:lculovirus or me:l~le~ virus. respec·
tivcly. Tunicamycin WOlS added to the infcctcd cclls from a
} illglml stock solution in dimethyl sulfoxide. Sf9 ecUs \Ven::
harvested :'1 60 h pastinfection. amI Vero eells were col­
leetcd at 20 h pa~tinfection. The cclls \Vere Iysed in s.1mplc
butTer. and protcins \Vere subjectcd to elcctrophorcsis and
immunoblot analysis.

lIemol)'SÏS aliSDYS. African green monkey erythrocytcs
werc washed lwice with SO ml of PBS :md suspended in PBS
to givc a final 10% suspension. Incubations contained 1.2-011
aliquots of crythrOCYles mixcd wilh 200 fLl of insect ecUs (2
x 10ft eells) containing the approprülte recombinant protcins
or Vero cells (2 x lOft cells) infected with measlcs virus.
Assays werc allowed to procccd ni 37"C for I~ h. erythro­
cytes were sedimenled by low·spced centrifugation. and the
amount of hemoglobin released was quantil:ltcd visunlly or
by spcctrophotomelric measurement at 540 nm.

CeU ru.~ion ;r".-..nys. Monolayc:rs of Sf\J cclls in 24-well
microditution tlishes were infccleu with recombinant virus
containing the H anu F genes Olt a mul1iplicily of infection of
3 to.l PFU pcr ccII. Infection.s were "lIowed 10 procced for
48 to % h in the presence or absence of N':lcctyltrypsin (0.5
to ~.O IIoglml). The pH of the medium was v:lried by adding
0.1 M sodium citrate or PBS butTer. Syncyti;L formation W'"~s

nlonitorcd under a phase·comr.tst microsco~.
lJcDUlAAlulinalion a~'i;I~'S. Hem:Isslutination titcrs \Vere

ûetermined in the following manner. " 1% suspension of
monkey er}'throcytes was prepareû in PBS. Volumes l,f 100
fLl wcre atiquotcd into 9ft..well round·bottom microdilUlion
pl:lCCS. CeUs eXpressing. H protein were seri:llly diluteû
twofuM in PBS :,"d 41dded 11.> sUl.:cc..sive weil.. in 20·fLl
volume!\.. Hema~lutinatil)Q \Vas ;"lIowed 10 prl1ceed over­
night :\1 4"C.

SI'9 cclls infccteû with H recumhin:lOt vinl:-- were ineu·
baleû with monkc)' erythml.:)'les ;lOÛ \'i~wl:d Ulldcl' the
micro:--copc wilh Nomal'ky optie... eeus expres..ing the H
pn.ltein \Vere cultiv:\led in 24·\\,eU mkroûihuillO dishes. and
100 ""lof a 1'1; suspension of erythnlCyt~s W:t~ :'Iûdeû ;,Il

v.. riolls time~ po~tinre\:li'lIl. The erythn'k.:'ylc.. wcn: :l1hl\vcd
10 :'Idsorh fl1r ~ h :lt rOllm lempCï.llllrc. :lOd cc!I~ \\'I..:n:
subsequcntly su..penlleJ in Gi:.1CC medium with a POlSICur
pipette. This ccII ~llsren ..ion \V;IS then ohserved under Ihe
microscope.

RF'sUJ.TS

Construction or DbDculo\'irus tnmsrcr \'cctor eonlDininJ: Iwo
"'cry hlte promotcrs Dnd the tJ-gDl:Jctosld:Jsc ~cnc. t\ h;'lculo·
virus vector WOlS dcsig.neû to ineorpor.J.tc fcatures for high·
levcl prolein r-xpression. rapid sereening. of recombin:lOt
virus. and etTeetive mut:lgenesis of fllrcign genes. The
pAc373 veclor from the labor:.lIory of M:1X Summers w:,~

modifie:cJ as outlineû in Fig. 1. Thc :lcditions m;lde to this
plasmiti are dcscri1x:d in dct;lil in Materials :md Melhods.
Brietly. ;10 n ongin of replication from ssON A ph:'lgC W:tS

inserted into the E"oRI site of pAc373. This addition Olllows
the production <>fssDNAwhich could he p:lcknSed by MK07
or R408 helper phage. OligonucJeotides which contained
desin::d mutations or substitutions wcre: ;lOnealed to the
ssDNA template. c1ong.,ted wilh T4 DNA polymernse. :lnd
circularized with T4 DNA ligase. A transcription unit con·
taining the promote:r for PlO protcin. the coding sequence fr.r
l3-salnelosidase. and the polyadenylalion sisnal from S\'40
was insertc<! into the polylinker resion of pUCI9. The
assembled unit was excised and placed between the tWCI Sali
restriction enzyme sites locatcd 2.870 ;,"d 3.180 nucleotides
from the Hindm site in IpDCI~S. Remov:l1 of this ..esion
bclween the two Sali sites did not appe:lr to atTeci the
reptication efficiency of recombinant virus. since titers of 10"
10 10' PFU/ml werc roulinely obl:lined. Two final modific,·
tians wcre maèe by usins oligonuclcotide.din::cted mutagen·
csis. An initiation codon (ATGl was added to the bcginning
of the l3-salaclosidase eodinS resion by usinS a 63-residue
olisonucleotide (FiS. 1. ATG oliso) eomplement:lry 10
pAC373:1t one end :lnd the I3-sal:letosidase gene al Ihe other.
P:lrt of the polyhedrin-codins resion and :1 unique NheI
restriction site were inserted adjacent to the BamHI restric­
tion site of IpDCI2S by usinS :1 9O-residue olisonucleotide
(FiS. 1. NheI oliso). FiflY nucleotides Were inserted al lhe
BamHI site. ineluding the missing 8 nueleotides from the C:lp
leader rcSion of normal polyhedrin mRNA. 33 nucleotides
from the coding rcgion of the polyhedrin sene comaining an
initiation codon which was rendered inopcrative by changing
it to AIT. and a unique Nht!1 cJoning site. Such modifica­
tions purportedly increase the levcls of gene expression (28.
29. 31). Oligonucleotide~directcd mutagenesis and junctions
hclwcen the PlO promoter. the I3-salaclosidase codinS se­
quence. and the SV40 polyadenyl:ltion sisnal were verified
by DNA sequencins techniques.

Construction of pJV(NheI) produced a vehiele which
could direct homologous recombination between nanking
DNA sequences oflhe polyhedrin sene in the wild-typc virus
and similar sequences in the plasmid. As a result. coding
sequences for polyhedrin were replaccd by a trdnscription
unit containing IWO promoters which controllcd ~galactosi·

dase and foreign g,enc expression. A similar approach was
previously shown to he very succes..ful for the isolation of
vaccinia virus recombinants cS). A restriction enzyme map
of the completed veetor pJVINhel' is also presented in FiS.
1. The emirc vector ~onsisted of 13.62') nucleotiûes.

Coding sequence!\. for the F anû H genes were e4lch
in!\.erleù inlo the unique Nhd c!oning. site of this new
tr.tnsfcr vector. Nucleolides from the F gene eoding reg.ion
Il.663 bases) together \Vith five addilional nucleotides in
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FIG. 2. Dot blot analysis of DNA produced in Sf9 ccII:" infcclcd
with virus from the blue recombinant plaques. AJ;."lrose plug.:" were
pickcd from the blue plaques and placed in microdilution wells
which conlained S{9 cells. The virus was allowcd 10 prof)."lg.ale for 7
to 10 days. At this lime Ihe cells were lysed and DNA WOlS :uhorbcd
to nitrocellulose paper. The nitrocellulose WOlS washed. dried. and
hybridizcd wilh ':P·labcled probes which were specifie to lhe H :lOd
F );Cnes of measlcs virus. These hybridizations wc;:re exposed to
X·rot)' film at -,cre for 8 h. Comrol cells (Cl were infcl:h:d witt­
wild-type virus.

front of the initiation codon werc placed in this plasmid. The
H insert (1.911 bases) also contained a few extr.meous
nuclcotidcs (5 ba5cs) at ils S' terminus along with its amino
acid coding region (1.853 bascs). Thc idcnlily :lnd correct
orientation of thcse forcisn genes were confirmcd by panial
DNA sequence analysis and restriction enzyme mapping.

Purification of recombinant baculovirus which containcd
the H and F genes of meusles virus in addition to the
l3-galaetosidase gene. Plasmid DNA [pJV(Nhclll which con­
tained either the H or F gene was introduced into Sf9 insect
ceUs logelhcr wilh purified viral DNA via the caleium
phosphate precipitation technique. This trnnsfection was
aUowed 10 procecd for 7 days unlil occlusion bodies werc
evident. The inoculum was diluted. and recombinant virus
was purified from wild-type virus by a series of pl:lquc
titrntions. Al 3 days after infection. each plaque ;ass;ly W'dS
funher overlaid with agarose which contained a substr:.uc for
~-galaclosidasc (Bluo-Gal); blue plaqucs were usually cvi­
dent aCter 6 h. The colored plaques continued to increase in
intensity over the next day.

Approximalcly 0.1 10 1% of the plaqucs wcrc bluc.
whereas wild-type ViNS produced white plaques containing
occlusion bodies. A number ofblue plaques wen: picked :lnd
amplified in microdilution plates which conwinet! Sf9 cells.
Lysates of thesc cells were spottet! onto nitrocellulo...e
mcmbranes. hybridizcd wilh "P-labeled probes which wcrc
specific for eilher lhc F or H gcne. :lnd exposcd 10 X-r.y
film. The dot blot analysis :\hown in Fig. 2 revc:lled th:'1 15 of
23 H plaques and at Icasl 18 of 23 F plaques conlilinet! huth
the ~-galactosjdase gene and the design01tcd lhn:ign gcnc.
Conlrol ceUs infec:ed wilh wild-lype virus did nul hybridize
10 lhesc probes. Negalive blue plaques could he :ltlribulcd
eithcr to Jack of growth of virus plaques in culture or to a
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:io",'~~~mlary re~~lmt-in~lti~1fl l:"l:nl in which th",· flll"""I!=.11 t-:I,.'l',l'
W;l.'i. dcklcd fn.lm the rC,"llmhinant.

Blue pl:lques cont;,iru:d sm:,ll :1111\lllllls llf "llnt:lmill;ltlilt-:
wild·tyI'C virus, which lllien pcr":llil:ll llurin~ iSll!;\ti\ln llf
rCCllmhinant vims. HllweVer,;\ tlll:,1 ~lr Ihn:e tu th'l: fl,lUl1\b.
of pl:'Quc purific:ltion usually prolluced rel:çlmhin:1Il1 "iru",
which did not yicld occlusion hlXlics. The :uj":lIlt:\~e \lf this
scn:ening system is th;lt it pcrmits r:\pid :md el1kicnl scle,,­
tilln of rccllmhin:ml pl:lques. PI:\ques prlxlm:cd hy usint:
recoOlhin:lIlt virus :md the pJV(Nhcl) Veeh'r \Ven: c:lsicr III

vis.u:l1ize ;\Od CllUld he dctectcd :,rter ) d:IYs ;\'" ~lppllse~1 hl ~
tll 7 d;lYS when vcetors which did not cont:\in ~-g.;\I:'ctl1si­

d:lsC were uscd.
E.xprL'ssion of recombinant Il und Jo' pnJlt:ins in SrJ inSl"('1

cells. Microdilution pl:ltes cont:\ining SN eells were infecte\1
with cither puriticd recl'lmhin;mt vin',s \lr ",illl.type :\cNPV
:,t ;\ multiplicity of infection of 5 PFU per cdl. AI spccitic
times following infection. 10' cells wcre w:lshed twice with
PHS. lysed with SDS-eleetrophoresis s:\mple hutrcr. :'pplicd
to SDS-polyacrylamide gels. :\nd subjccted to elcctrophorc­
sis. ?roteins were trnnsfcm:d to nitrocellulose and pnlbcd
with polyclonat antibody spccilic for the H or F protcin.
Specific binding was detcctcd when using I:"I-protcin A
followcd by :lUtorndiogrnphy. The rcsults of thcse expcri·
mcnts arc prcscntcd in Fig, 3A and Fig. 4A. In ooth e:lses. H
and F recombinant proteins appc:m:d to he synthesizcd
~aaning at 24 h postinfection and continuing. up 10 60 h
postinfeclion. Infeclcd cclls apPC:lred 10 be dyin~ hy 96 h
postinfection.

Two species of H protcin :,ppcared to he synlhcsizcd. A
high·molecular.mass spccies migrnccd :\t 76 kiloù:dlons
(kDa) and comi~ralcd wilh H prolein made by Vero cclls
which werc infccted wilh measlc:s virus. Another protcin
spccics migrnted with a mobility eorrcsponding to 65 kDa.
We suspeeled lhat lhe 76- and 65-kDa 'pecics werc ~lyco­

sylaled and nonglycosyl:llcd forros of lhe H proldn. respec­
tivcly. Fainter bands which migrntcd at low molccul:'r
masses werc most probably dcgr.t.dation products of the H
protein. The antiserum appc:arcd 10 he extremcly specific for
the H protc:in. sinct protcins synthcsized in cells infccted
wilh wild-1Ype baculovirus failcd 10 re:lcl wilh lhe :lmibod­
ies.

Recombinant fusion (F) protein W:lS only parti:llly c1cavcd
in the baculoviros expression system. A r:.mse of precursor
(Fol spccies (56 10 65 kDa):ls weil as lhe F, subunil (42 kDa)
were apparent on the immunoblot :lUtor.t.diosmm shown in
Fig. 4A. Polyclonal antiscrn prepared "sainst the cntire F
prolein failed 10 reacl with the small. carbohydrdle-rieh F,
subunil (1S kD:t) produced in cither mammalian or inscc1
cclls. Multiple Fu specics could ag;lin he expl:lined by
dilTercnces in gtycosylation by the inscct cells comparcd
with mammalian cells. The largest Fn molccules in insect
cells migr...ted at the same rdte as Fu În Vero monkey kidney
cells. A smaller Fu species (Fug) prob:lbly renectcd incom­
piete glycosylation within the insect cells and .tppc:srcd to he
the predominant protcin synthesized in cclh infected with
lhe F recombin.lOt virus. A simil;u protcin (Fug) w:ss :11\0
cvid.:nl in Vero celh :lt an e:lrly stage of infection by me.lsles
vi:1Js. Since the FI ,ubunit of me:,sles virus i, not .",oci:'lcd
with sugars. it migr:.ltct! cxactly :lt the same r...le :1\ FI
,ynthesized in m:lmm:llian cells. The resul" for F protein
expression in inscct cells ,Ire nol surprising ,inee the,e cclls
:an.: known to he dc:ficicnt in the Icrmin;.t1 glycu.\yl."e, :and
endoprotcolytic enzymes involved in prolein procc,...ing C19.
20. 36. ~1).

Qu:mtiti\:s of recombin;.lnt protcin m:ade in the baculoviru'i.
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FIG. 3. Immunoblol and Coomassie bluc·st:lined gel of tot:tl proleins produced in Sf9 eells infected wilh either "'illl·tyflC or recombinant
Il virus, Sf9 cells were infected wi1h wild·t)'pc baculovirus or reccmbiR:lnt virus eontaining the H gene of measlcs ,.. iru~. Tot:,1 proteins were
~lubilized by Iysing the eel1~ in sample buffer Olt O. 12. 24. 48. 60. and on h postinfeelion. 1\ positive control liane Verol prcparcd from 10'"
Vero monlr..ey kidney eclls infeeted with me:ble~ virus wa~ 01h00 included. Thesc proteins were subsequentl)' separ'".l.tC11 by SDS·polyaerylamide
gel c1cetrophoresis. (A) Autor:ldiogram of an immunoblot prcparcd from a gel which WOlS a duplicate of the one shown in panel B. The
immunoblot WOlS obtained by eleelrophoretic tr.msfer of proteins from a polyaerylamide sel to nitrocellulose. Numbcrs imlicate the posilion
of eotorcd molecular mass standards lin kilod:,ltons) which were tram.ferrcd from the poIY:l.I:ryiamide (:.1:11.0 the nitmcellulose sheet. This
nitrocellulose shcct was probcd wilh r"bbit polyc:1onal antiserum directed ag.ainst Ihe H protein. and anlibodies bound 10 H protein spccies
were detc:ctC11 by using ml·labcled SI"pl,~'/u('u('cll.'iprolein A. The immunoblot \\'aS cxposed to X·ray film with an intensifying sereen for 12
h al -7cre. (8) Duplicate {:Ct stained wilh Coomassic blue dye. Protein standards of 200. 97.4. 68. 43. and 29 :;03 arc indic:lted by numbcr.
The polyhedrin protcin (PH) is :Iearly e..~r.nlthroughout the wild·typc infection but is absent in cells infectcd with the recombinant virus.
E64 reprncr.:s the major cnvelopc prolein of the baculovirus AcNPV. The c1cclrophorctic migroltions of ~·galactosid:tse (~·Gal) and H
recombinant prolcin rroducts (H. Hug) are indicated with arrows. Hug rcfers to the unglyco~ylatC11 prccursor prolein which migratcs with
a molccubr fO:bS of 65 kl:b.

)

expression syslem arc genernlly larger than those produccd
in mammalian systems (27). Protcins on duplicate acryl­
amide gels to those describcù a;,ove were staincd with
Coomassie bluc and arc shown in Fig. 38 "nù 48. Proteins
corresponding to the unglycosylatcd forms of H anù Fu could
be éetcctcd with this dye. At lcast 20% of the total stained
proteins could bc represcnted by H :md F polypeplidc
spccics through ùensilometric s~nning of gel photogrnphs.
Since 250 p.g of lolal protein (from 10' cells) was loadcd for
cach lane on the clcctrorhoretic gel. we cstimalcd th:,t the
yields of H and F pruteins synthcsizcd in this system w:re in
the onlcr of SO to ISO mg of prolein per 10" cclls. Production
of H or F gene products in inscct ecU,-:cmained sli.,ble evcn
aficr five pas,sages of the pllrified n:eombimlOt virus in
cuhure.

GIYab)'1alion or H and 1" protein."i in in."l(-:t œllOi. Previcus
studies indicatcd that insect glycopl"fltcins were firsl synthe··
~izcd and an:,ch~ 10 :, tyric:,1 high-m:lOno,e oligoso'c'·h,t.
ride. (Asn)·G1cNAc.-M:m.-GIc, 116. 19). These m:mnnse­
rich prccursors arc sensitive h,lcndo H. Furthcr procc~sing
of N-linkocl.1 glyC:IO~ IC:lds ho) the formatil.ln of pmlcin, \\oith :1
trimanno~yl c..m: (( ..\sn]·GIcNAc..-Man l) which is no~ ;:ndo
H rcsistant. Sinec galacto,yl :,,"1.1 ,iàlyl lroln,lè:ro"c.,· .re
absent in inscct cells. tne trimanno'yl core rcprc.:sents the
fully proces,ed oligoS:lcch.ride (>61.

Four distinci spccies of Ft) precursor proteins (56 to 61
kOa) were synthesizcd in inscct cells containing the F
recombinant virus (Fig. S). Thesc polypeptides may repre­
sent panial glycosylation at the thrce ;Ispar.lgine sites on the
F~ subunit or may rcflect various stages during the process­
ing of the mannose-rich glycoprotein prccursor (19. 43).
Similar gel patterns werc previously observed during immu­
noprccipitations of the FI) protein from Vero monkey kidncy
cells infectcd with me.sles virus (43). Thrce species of Fo
protein werc observed in thcse infct.led Vero cells. Ta
dcmonstrdte that the heterogcneity of Fu W;IS in fact due to
the presencc or absencc of carbohydr.tte. inscci ccillysates
containing the F protein werc digestcd with dther cndo H or
glycopeptid.sc F lFig. SA). Endo H removes sug.rs from the
high-mannosc glycoprotdn. Ic:aving one molccule of N­
acetylglucosaminc attachecJ to the asparolgine. On the olher
hand. glycopcptidOlse F Ch:OlVCS :,11 types of asparagine­
linkoed N-linked ~Iyc;ms :u'!d completely rcmuves :111 carbo­
hycJr.lte from the glycoprotcin.

The top band from the group of four Fil polypeptides w""
sensitive to endo H. inl.1icating th:lt it repre,.:nlcd the man­
nosc·ri"h core polypeptide. The other Cnl.YI.1C. glycopcpti­
dase F. completcly convcned the twu 1:II1;er spccics to
proteins migr.lting with molccul:lf m:ISSCS ,,1' 56 and possibly
59 kO•. The S9·kO:. polypeptide repre,entcd lhe major
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FIG. 4. Immunoblot (A) and Coomassie blue-slained sel (8) or lotal proteins produeed in Sl'9 ecUs infcctcd with cithcr wild·typc: or
recombinant F virus. E."(.perimental procedures wen: similar to thosc dcscribcd for FiS. 3. F protein w;"s dclcctcd on immunobluls with "
polyclonal anlibody direcled aS:Ùn~llh.e entin: polypeptide. Thc recombinant Fo prccursor prolein. fi c:IcaVOll:C pn.ldllct. :lRd p'l:alactllsida:\C
protcins ;ln; indicalcd by arrows. Prolcin molccular mass markers (in kilodahonsl arc indicalcd by numhen.. IlB refen. to the polyhccJrin
protcin or AcNPV. Fus indicates the major unglyeosylated speeics or Fu in inrected ceUs.

protein synthesized in 51'9 cclls infected with F recombinant
baculovirus. The cleaved subunit~ FI' was unatrected by
g1yeosidases. sincc no earbohydrate was attached to this
polypeptide (58). Unfortunately. the F, subunit was not
detec:tcd with the polyclonal antisera made available to us.

Addition of tunicamyein (an inhibilor of Asn·linkcd gl.. co­
.ylation) to 51'9 cclls infected with the F recombinant a;'ol·
ished the synthesis of the two largest (61 and 6S kOa) Fu
polypeptides (Fig. SC). Two unglycosylated species (59 and
56 kOa) may correspond to the unglycosylated Fu precursor.
with and wÎ1hout its signal peptide at the amino lerminus.
Vero monkey kidney eells normally support the replication
of measles virus. Tunicamycin treatmcnt of Ihe:se m'lmmaa
lian eells prevented the posttranslalionai cleavage of FI)'
reduecd g1ycosylation to yielè the S6-kOa polypeptide lFig.
SC). and also dramatically inhibiteJ the formation of syncy·
tia by infec:tcd cclls. Wc hypothesized that the diITerence in
molecular masses between the 59· and S6-kOa Fu prot"ins
may he due to dcfective processing of Ihe membnme si .;nal
peptide by insect cells. Direct sequencing of the amino
termini of these two polypeptides must be pcrformed to
substantiate this theory. Finally. funher studies involving
addilion of radioactive sugars. pulse-ch.lse expc:riments.
peptide mapping. and protein sequencinJ; are required to
precisely define and iden1ify these multiple Fil b.lnds.

Two major protein spccics (68 and 6S kDOl) werc recog­
nized by antiser.l direcled againsl the H protcin synthc'lii1.ed
in insect cells. To proye that the iower h'lOd reprcscnted Ihe
nonglyeosylatcd prccursor. We: digt."Stcd prolcins with cndo
H and glycopeptidase: F. The results are summ'lri1.L-d in Fig.
SB. Endo H appcared to have little eITect upon the higher.
molecularamass spccies. and this indic.lled Ihal musl of Ihe

mannose-rich prccursor was proccs-"'Cd lU Ihe lrim;mnosyl
core. On the other hand. glycopcplidase F completcly con·
vened the highamolecular-mass species 10 the smaller form.
Tunicamycin treatment of infecleù SIl) or Vero cells also
modified the: high-molecul:lr-mass spccies 10 Ihe (aster­
migrating 6S-kDa prolein (Fig. 5D). These expcrimenls
proyed dcfinitively Ihat the lowe:r proldn band WolS a non­
g1ycosylated form of the H polypeptide.

Recombinant H and F protc:ins wc:re bioIOJ:Îc".lIly funclionul
in hc:magglutination. hc:molysi5~ and ccII fusion ~ys.

Recombinanl H anù F proteins were dcmonstrdleù to he
biologically aClive in cxperimcnts involving ccII anachmenl
and membrnne fusion assays. African green monkey cryth­
rocytes wer·: incubated wilh int:lct Sf9 cells which eontaincd
recombinant H protcin. Hem&lgglutin:.tion bc:tween e:rythro­
cytes and these Sf9 ccII suspensions W:'IS evidcnl. and a
reciprocal dilution titer of 2.04K W.IS oht:..ined. On Ihe other
hand. wild-typc: me:lsles virus supernatants produccd a liter
or 512. Binding of erythrueytes to SI'J celb which e.preS'ed
H protein was also observed uncJer Ihc micruscopc (Fig. 6J.
Insect cells which containcd wihJ-typc AcNPV. or celb
which werc uninfcclcd. f:lilcd 10 "I:*IUlinalC crythtlJcylCS.
Thus. the recombinanl H protcin :lppc:'lrccJ 10 possess Ihe
cclt-binding activity ch'lracleristic uf Ihe hem'I~lulinin 0101­

ccule of me:lslcs virus.
Hemlyosis or monkcy crylhrucyte C:ln he produced by

mcasles virus. This :'ICIÎvÎly C'ln he crihccJ lU Ihe clcaved
mcmbnlnc fusiun prolcin uf Ihi ... vinl!\. In",ccl ccII ... cuntain·
ing H or F recombin;anl protein... wcre fruzen ;and thawcd
thrce times anù incub:lleù wilh erylhrocYles uvernighl. Thi\
treatmenl WOlS previou ly ...hown lu incre:....e Ihe hcmolytic
.Ictivity or mea...les viru (II J. Hemngluhin W:IS rclc.lSed inlo

)
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the media from erythrocyles which tmd been trc:ated with
inscct cells containing F recom::'inant virus or inscct ce:ts
coinfected with H and F recc,lmhinant virus. H and ~

protcins acted synergistically to ir..:rcase thi: '<:vel of hemol­
ysis. This observation may rcncct a rcquircment for cellular
att:u:hment (medialcd by H) prit.lr to membrane fusion (me­
diatcd by F) tc,) producc:m \lptim;,llcvel c,lfhcmolysis. Vero
ecUs infeclcd wilh willJ.typc mC:lsles virus also hcmolyzccJ
the erythrocytes. The level or hemolysis produeed by the
infectcd Vcru cclls was much greater than that clicitcd by
inscct ccUs infectcd wilh H and F recombinant virus. This

An improvcd baculovirus expression vector was con­
strueted in our laboralory. and its propcrties and eharaeter·
istics are described in this communication. The vcctor wa.s
designed to accclerate the screening of recombinant virus.
direct the synthesis of large quantities of protein. and
raeilitate oligonueleotide-direeted mutagenesis of foreign
genes. This DNA eonstruet eontained two promoters. from
the PlO and polyhedrin genes. which arc normally active
very late in inreetions produeed by AcNPY. The PlO pro­
moter was use<! to direct the synthesis of f3-galaetosidasc. an
enzyme whieh hydrolyzes the substrate Bluo-Gal (haloge­
nated indoyl-f3-o-galaetoside) to produce a dark-blue pro<!­
uet.· Th. other promoter. which nonnally regulates the
synthe, , or polyhedrin. was used to direct the transcription
of foreign genes. An origin of replication from fi phage was
also included in the plasmid construction to facilitate the
synthesis of soDNA and subsequent mutagenesis by using
eomplementary oligonucleotides. Both the ~-galaetosida'e

and foreign genes togc:ther with thcir respective promoters
recombinl.ad at high frcqucncics with wild-typc: vir..11 DNA to
yichJ recombinant virus. This virus produced blue plaques
when infccted ecUs wcrc overlaid with agarosc containJng
f3-galaetosid:tse indicator. The vector pJV(Nhel) W-dS use<! 10

DISCUSSION

llh:-.crv:tIÎt.ln m;l:. rcllcct :1 grc:ltcr pr\,.lr\,.lrlilln of cka\'ccJ
ru:-.ioo prolt:in at thc surf<lce of m:lmmali:m cells infectccJ
with me:lslc:; virus in comp.lrisoo with in:-.cct cells. Unforlu,
n;lldy. ;uJdition of exogcoous trypsin did nol incrc;lsc lhe
"mounl of hcmolysis doc to the presence of rccomhin:ml F
protcin. Inseet cells which cont;lined wild-typc AcNPV or
recombinahl H protein h:ld lillie clTeet upen the erYlhro­
~ytes. These resuits arc summarized in T:lble l.

Formation of syncytia or siant cells within plaques formed
by recombinant FR virus were oot visible by pha::e-conlrast
microscopy. We allempted to dcmonstratc fusion of insect
cells by infccting Sf9 cens with H. F. or a combination of H
;tnd F virus in the presence or absence of trypsin (0.5 to ::?:

j-Lglml). The addition of trypsin w;'s prcviously shown to
incrcasc Ic:vcls of infectivity and membrane fusil.ln activity of
paramyxovi:"Uses (14. 47). Form;ltion of syncytia was slill
not c:vident under these conditions. The aeidity of the ccII
culture media was then varicd from a normal pH of 6.2 to
S.S. 7.0. and s.o sincc the pH requirements ror membrane
fusion arc known to differ between groups of viruses (61).
Fusion aetivity heeame dramatically apparent at pH S.S (Fig.
7C). Expression or F protein by itselr was capable or
produeing polykaryons in inseet eells. The addition or H
recombinant virus or trypsin did not appc::ar to enhance ccII
fusion substantially in this case. One might spcculate that F
protcin expressed at the ccII surface was previously clcaved
en route to the plasma membrane. Also. a. receptor for the
viral H protein does not appear to be present on insect cells•
sinee Sf9 cells producing recombinant H protein faile<! to
aggregate. Thus. H protein might not he expceted to enhancc
fusion activity bc::tween adjacent insect cells. Finally. control
cxpcriments with insect cens infectcd with H recombinant
virus (Fig. 7A) and wild-typc AeNPY (Fig. 7B) exhibite<!
rewer syneytia and less membrane fusion aetivily at pH 5.8
when eompared with eells infecte<! with the F recombinant
(Fig. 70.

Wc eoneluded from these expcriments that both recombi­
nant H and F proleins were funetional in biologic:al assays
for erythrocyte allaehment. hemolysis. and membrane fu"
sion.
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FIG. S. Analysi~ ofcarbohydrole attached to recombinant F and

H prolcins by using g1ycopeptidasc F (Glycop F>. cndo H. and
lunicam)'cin (TM). Sf9 cells were infecled as deM:ribcd for Fig. 3
and Were harvestCtJ al 60 h postinfection. Vero monkey kidney cells
were infc:ctccJ with measles virus (10 PFU pcr cell) and Were
colleclcd at 20 h postinfCC:lion. In panels A and B. recombinant
prolcins fr"'lm Sf9 inscct ceUs wcre: digcsted wilh the appropriate
enzyme for 8 h as oUllined in Matcrials and Methods. (A) Effeels of
coda Hand glycOpeplida.~e F digestion upon recombinant F prolcin:
(8) elTeets of the enzymes upon recombinant H prolein. (e and D)
Effcc:ts of tunicamycin upon glycosylation of F and H proteins.
rcspectivc1y. Tunicamyein was presenl in the medium of infectcd
Sf9 or Vero cells at eoncentroltions of O. 10. and 20 floS/mi. Fo
reprcsenls the precursor to the mature fusion protein. and fi refers
10 Ihe lurge subunil of the aClive molecule. H rcprcscnts 'he fully
glycosyluted heln;tgglutinin polypeptide. and Hug dcnotes Ilk: !tnJ:­
lycosylDted spccies. Numbcrs refer 10 the migration of colOrcd
molc:cu1:at rDa.'liS slandards which were ll':l.nsferrcd to the nitrocellu­
lose shect from the polyacrylamide gel. Arrows indicate lhe major
IS9-kOa) and minor CS6-kOu) unslycosylaled Fu specics found in Sf9
cel15 infectetJ with F rect.)mhinanl viru!\..
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express the: F and H proteins of me:\sles virus in insecl cens.
Both proteins were produced in large quanlities and were
biologically active in hem:tgglutination and hemolysis :\s­
says.

nie use of the j)-galactosidase gene for screening bacuill"
virus recombinants was previously sugsc:sted but not dcm·
onstrnted by other investig:nors. Invc:stigalors in this I:lbc.l­
rotory (40) dc:velopcd a gcncralized trnnsplaccmcnt vector
(pGP.B6874/SaIl which could facilitatc the selection of
recombinant virus with forcign i)enes under thcir own pro­
moter control. The vcctor was subsrquently uscd ta express
ehlornmphc:nicol acetyltrnnsfc:; .1se undc:r conlrol of the Rous
sarcoma virus long terminal repcat promotcr in mammalian
and diptcran cclls (4). Protein was produeed at very luw
Icvcls in this expcrimcnt. Investigators in another laborntory
suggested that baculovirus recombinants eould he screened
by the absence of ~.galactosidaseaetivity following tr.ns·
fection of 51'9 cclls with a vector containing a forcisn gene
and recombinant baculovirus DNA exprcs.'iing the j)..galac­
tosidase gene (55). However. this method still yields reeom·
binant plaques which arc diffieult to visualize. Invc:stigators
working with vaecinia virus have prcviously uscd p,-galac·
tosidase to sereen recombinant virus durine expression
studies (5. 57). Chakrabani ct al. (5) developcd a eocxpres­
sio:J vcctor (pSCll) for the isolation of vaccinia virus
recombinants exprcssing hep.."\titis B surface antigen. Thi!\
veeto\'" containcd the hepatitis B surface antigen gene and
lueZ gene under the control of the separate promoters P7.s
and PlI. rcspcctivcly. Thcsc two genes werc: inscrted into
the thymidine kinase (TK) locus of vaccinia virus and wcre
bounded by the TK gene·llanking sequences. Tissue culture
ceUs that had been infcctcd with vaccinia virus wcre tr.ms-

FIG. 6. Hcma~lutinalion ofmonkcy crylhroc:ylC!'i by in,ccl ccJl~

uprc:!\.!\.ing rc:combin:ml H prolcin. In!\.cct c:cll!\. wcrc infcclcd with
wild-Iypc or recombinant baculoviru!\. for 70 h. Monkcy crylhru­
cyle~ wcrc al!l!cd .,Ilhi!\. lime :lnl! WCI'C allowcd 10 adMlrb 10 infccIC'd
ccII!\. for 2 h al ruom Icmpcr.tturc. CcII!\. wcrc !\.u!\.pcndccJ in Gr.acc
mel!ium .ml! o~crvcl! unl!cr lhe mic:ro..copc with Nomar"ky oplic,
:11 a m:lsniriculion ur !""KI. fA) Atatlutinalion cxpc:nmenl pcrfnrmel!
with in'cct ccll~ infcclcd wilh 1he fi rec:ombin:ml. CU) Cunlrol
expcrimcn: pcrfonncd wilh ccII, infeC:lcd with wild-Iypc AcNPV.
Occlu,iun hudic' wilhin the infcC:lcd c:ell, arc cvidcnl and difTer in
,ilC and l!cn,ily rrom lhu!\.t" in adwrbcd crylhroc:ylC!'i. CC) Unin..
f,,:ctel! ccII,. The'\(' t~ilcl! 10 bind erythroc:ytc~.
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I"cI.:I\.·d with the pl;,..mill Vcch\r. iand hl,"llllo~utl .. reellml;lin:a·
lilln belwcen willl.lype viru.. :and pl;l..mit.! DN ..\ occurreu.
TK rl.'cllmhin;lnl .. were sdcctcc.! by ;1 pl;\quc ;IS""Y on :,
TK \."1.'11 linc in the presence of 5·hmmoueo.''tyuridinc.
which inhihiteu the gro"'th ur ,viIU·type vinls cont:lining l'K.
PI:lques th:11 wcre TK - ;and cxpresscd J3·~;II:lctosid:\Sc as
wdl ;\s hcpatitis B surf:lcc :Intigen wcre shown to stain hlue
in Ihe pre..ence of indic:ltor. The v:lccinia virus expression
system has the :ldvant:lge of positive selection for rccomhi·
n;lOts in the presence of 5·bromodeoxyuridine. Con:-oe·
quently. fewcr rounds of pl;:lque purific"tion :lre required
with the v:lccinia virus expression system th:ln for the
methlxl developcd in our I"boratory for bOlcuIO\..irus. Ho''''·
e\'cr. the presence of ~.g.,l:lctosid:lse in pJV(Nhell still
consider.lbly reduces the time for :lppe.lrt.lOCe of \'ir.~1

pl.tques.
\'le were conccrned that insertion of the ~-gal"ctosidasc

transcription unit into the Stlll region of pAc373 might
disrupt alher the function of the polyhedrin promotcr or the
replication of the recombinant virus. However. this modifie
cation appc:ared to have no efFect on the expression of the
forcign genes undcr the control of the polyhedrin promoter.
ln facto expression of the H gene in pJV(Nhell \Vas consis­
lenlly hisher than with the pAe373 veetor (C. Richardson.
unpubli:,hed data). Incrcased levels of expression of
pJV(Nhcn were due to additional nucleotides inscrted in the
polyhedrin leader rosion of pAe373. Sinee it was diffieult to
purif)' recombinant virus from contaminating wild-typc: vi·
NS. wc werc worried that normal virus rnisht supply some
son of helpcr or enhancing factor to the recombinant.
However. coinfection of recombinant virus w;th virus-type
AcNPV or another recombinant virus gencr3ted from
pAe373 failed to inerease levels of foreisn sene or 13­
galactosidase Coxpression. Recombinant virus also 3ppcared
to Srow al the same rate as wild-typc AeNPV once it was
plaque purified. In summary. most blue plaques eontaine<!
the forcign gene ofintcrest. f3agalactosidase activity. as weil
as the '.ew gene product.

Th..: criteria for optimal expression in the baculovirus
system are only now beins established. Wc patterned our
expression veetor arter pVL941 (29). in whieh the initiation
codon of polyhedrin prolcin was mutated to ATI. The
nonfunctional initiation signal for translation was fol1owed
by 33 bases from the eodins resion of polyhedrin mRNA
situated next to an Nlrd elonins site. The highest levels_ of
protcin expression were previously observed when ponions
of the eodins sequence of the polyhe<!rin sene were fused in
phase with the foreisn sene (28). Other investisators have
also demonstrated that 8 nueleotides adjacent to the initia­
tion codon of polyhedrin protein are very important for
efficient translation of recombinant mRNA {IS. 32. 42:,_
These modifications forme<! a veetor which produeed mRNA
with 0 S' terminus similor to that of ~"Iyhedrin:this suppos­
edly eonfers stability to the moleeule. Future veetors will

FIG. 7. Formation of sync:ytia (giant cclls) in Sf9 insc:ct ccII,
infccted with the F recombinant. Monolaycr.. of Sf9 cclls were
i",fectc:d for n h with recombinant baculovirus cont3ininj; the F
gent. Conlrols \Yere infccled with eithcr H recomhinant or wild·tyl'C
viru... Mcmbr-.l.ne fusion betwccn adjacenl ccll:-, wa~ nul cvi\lcnt al
th~ norm:11 pH uf 6.2 found in cullu~ medium. Howe'o'er. when the
rll uf lhe melolium W".l....hif'lC\l to S.K. fommliun uf ..yncylia wa..
apparenl ;lf'lcr 2 h (panel C). Gi~lnl-ecll form:.Ilion W:'l~ le"~ cvidenl in
eell~ inlcClC\l wilh H rccombin.:anl (panel Al ;lnd willol.typc <I>:tnelll)
viru..l:'. Cens were obscrved by phase·contr.s"1 miero!oocopy Olt a
ma[:nilication cf )( f\OO.
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1II1lll1U1'>h:dly yidd in..:n:;l:"l.·d leveb ,,1" e\pre ...... illl1 lll\":C 1':1":­

tllrs invuivC'd in tr:lO...crirtilln ;md tr:m:<ol:ltllln pn1l."e"'~c'"

within in:<oc!o:t ..:db and r.~,..:uluviru~e:<o ;Ire full\' unJcr~hll'll.

Fur the pUqlll~e llr stlldyinl; ....iru:<o-hu~1 ~1.:11 inter.u.:tillll.....
wc Jc..:iJed tu e:\pres~ the twu mc:mor.mc !=\yel1pruteill:<o llf
mc,,~ks virus in the h;H:llillViru~ cxpre~:<oiun ~y~lem. Our
re~ulh indic;lted th;1t r.llth prntein~ were functillllai in hem­
.Igglutin.ltion. hemlllysi~. ;lOd ccII ru~iuo .1~~lY~. Levcb llt"
protc:in exprc~sion were .Ibo impres~ivc.sinee Ollth 1-1 ;lnd F
proleins ctJulJ be dc-tecteJ on SDS-geb ~l;lincll with
COt.lm:ls"ic bille. The prim:lry we.,kne~~cs llf Ihe io~cet ..:c11
expression system lie in the proces~c~ llf prutc:in ~Iyco~yl­

ation ':,lld ctc:~vage of mcmbrJ.ne protcin rrecurSt.lr~. BUlh
Il"••;.nbr.me protc:in~ Wc-re ~ht.lwn to he lml~' p:lrli:llIy ~Iyell'

syl"ted. These fin~ings .lrc ct.losistent with the f;'lct that
in~ect cells c.m prt.lcess the m;,mnose~rich preellrsor llf
glycoproteins but I;'lek gal;'lctosyl ami Si.llic acid lr.msrer.~se~

(19. 20. 36). In most c;,'ses ineomr1ete carbohyJr.ne ;'lddition
dOt."S not appc~r to imp~ir the function of the prlltein.
However. the role of sugars in the immuoo~enicity of
protCÎns produced for vaccine development rcm~ins to be
;,),3cel1ained. Cleavage of i.he membrJ.ne fusion protein oc~

curs in the Golgi complcx of the infected eell using ;, hOSl
protease (37). Monkey kidncy cells appcar to cte.,ve thi~

protein efficiently. when:~s Sf9 inscet cells only p~l1i;'llly

process the Fo prccursor. Similar situations exist for (he HA
protcin of influenza virus and the envelopc prolcin of hum.,"
immunodeficiency virus when they arc expressed in the
baeuloviros system (6. 18. 23. 41). A number of mamm;"Ii.m
ccII Iines werc also unablc to cleavc: the membrane fusit.l"
protein of Sendai virus (14. 47. 48). Another inseet ccII line.
from TricllOplllsia ni. WOlS demonstrJ.ted to c1eave FI) morc
efficiently. and the activity of this product is eurrcntly bcing
investigated in our laboratory (Richardson. uhpubli~hc:d).

Wc also noted that fusion prolein synthesizcd in Sf9 insect
cells appearcd to he more active at low pH. This observ;'lion
is reminiscent of the situation for membrane fusion induced
by influenza virus (8. 9. 12). Influenza viroses ~Iso pcnclrJ.h:
thcir hosi cells by membrane fusion. but this proces.... occurs
within the cclls at the cndosomes via a proccss of rcccplor­
mediated endocylosis wherc the environment is acidic (pH
5.8). The dilfercnee in pH optima for fusion mediatcd by the
fusion protcins exprcssed by recombinant baculoviros and
measles viros was an unexpccted observation (17). Il is
possible that the (hree-dimensional structure of the F protcÎn
differs in the two systems. An acid envircnment may he
more conducive to the unfolding and exposure of the FI
amino terminus of the recombinant baculoviros prolein. It is
also possible that membranes of inscet and mamm"lian cells
differ substantially in thcir roles as targcts for fusion. These
possibilities must he studied funhcr.

n~culovirus \'eetors have becomc popular for exprcssing
proteins of aeademic and industri;,~1 relevance. This publie;l­
tion introduees a ncw type of veclor which f;'lcilito,tes f.,ster
screcniq: of recombinant virus and efficient synthesis of
forcign protcÎns. Ncwcr gcnermions of vectors which in­
c1ude carly promoters and positive selection techniques ;lrc
currently bcing developcd in our 1;'lbor:ltOry. Fimilly. thc
gene products dcscribcd in this ~pcr ;,'rc being studied lU

understand the carly processcs of vir:11 infcction 'Ind ICOld us
tt.lW"J.rd new avenues in the trc;'llment of viral dise'lsc.
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Bacterial Luciferase Produced with
Rapid-Screening Baculovirus
Vectors Is a Sensitive Reporter for
Infection of Insect CeIls and Larvae

................................................................................
Abstraet
Bacteriallucifer.lse. derived from a fusion of the luxA and luxB
gen.:s of Vibrio !larve)'i. has been expressed at very high levels in
caterpillars and insect cells. The coding sequence for lucifemse
was insened into vectors developed in our labomtory which
were designed to expedite screeningofreeombinantvirus. These
vectors contained the ~galactosidase indicator gene under con­
trol of immediate early (tEl). early (ETL). or very late (PlO)
promoters and a cloning site for insening the fused lucifemse
gene next to the polyhedrin promoter. Recombinant baculo­
viruses containing the lucifer.lSe gene as weil as the Il-galactosi­
dase gene could be easily selected when Bluo-gal (il-galactosi­
dase indicator) was incladed in the plaque assays. Using cells
derived from the fall army-.;·orm (Spocl0plerafrugiperda). lucife­
rase was strongly expressed very late in infection (48-72 hl. The
bacterial luciferase assay was sufficiently sensitive that Iight
production could be detected from an extr.lct ofa single cell. In
addition. live inseets. including the cabbage looper (Tric!lopllL'ia
m) and saltmarsh caterpillar (Esligmenc acrca) were infectcd by
mixing reeombinant baculovirus into their diel Cabbage
loopers (with an averagewet ...eightof223 mg) produced at least
195 Ilg of active luciferase and levels of synthesis peaked be­
tween 96-120 h. The results indicate that bacteriallucifer.sse may
be used as a reponer ofgene expression in inseets.
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Baculovirus
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Insect larvae
Sf9 ceUs
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Introduction

Evaluation of the species. tissue. and ccII
tropbm of baculo\'irust.."S are csscntial issues to
be addrc'ssed with regard to the application of
virus.based insecticides [1-41. Highly sensitivc
reporters arc needed to dctcct the dissemina·
tion of viruses and very low levels of infection.
Light·emittingsensors containing insect or bac·
terial lucifcrdse genes have been shown to be at
least 100- to lOOO·fold more sensitive using film
and photomultiplier detection techniques than
other reporter systems rclying upon radioL,o·
topic or colorimetric assays [5-7]. At present.
fircny luciremse has been usedas areporter in a
number of viml and eukaryotic systems [6-11].
while the heterodimeric (lX~) bacterial lucife·
mse [12-14] coded by luxA and luxB has gener·
ally been used for expression in prokaryotes
since two sepamte promoters would be necess·
ary forexprc-ssion in eukaryotes. Reeently how.
evc.... a monocistronic bacterialluciferase gene
has been genemted by fusion of the luxA and
luxB genes creating an active luciferase with
the carboxyl terminus of the lX subunit coval·
ently Iinked to the amino terminus of the ~

subunit [15-22]. The !~~ht.emitting reaction in
bacteria involves the oxidation ofreduced ribo·
navin phosphate (FMNHi) and a long.chain
fatty aldehyde with the emission of blue·green
Iisht.

From another viewpoint. baculo"Jirus/in·
sect œil expression systems have become a
popularehoice for the production ofhigh levels
of recombinant protein [23. 24]. Our laboratory
and those of others have spent a great deal of
effort in the improvement and refinement of
expression vectors for introducins reeombi·
nant baculovirus into insect eells [25-32]. We
were particularly aware of the difficulty and
time involved in the identification and selection
of recombinant baculoviruses by many labora·
tories. Throushout ourdevelopmental work we
required a standard reporter sene which could

be assayed quickly and easily in order to assess
levels of sene expression. Since the baClerial
luciferdse gene from Vibrio han'eri was avail­
able in our labordtory. we decided to use it as a
reporter to test the efficieney of new baculovi·
rus expression vectors which contained a ll-ga.
lactosidase indicator gene. These vectors facili·
tated the rdpid isolation of recombinant virus
containing the luciferase gene which formed
blue plaques in the presence of the ~.galactosi.

dase substrate Bluo·gal.
Results presented in this publication indi·

cate that cultured Spodoptera fnlgiperda eells
(Sf9) infected with recombinant baculovirus
produced luciferase atlevels which constituted
up to 12% of the total cell protein. The catalytic
activity of bacterialluciferase could be readily
quantitated in coupled enzyme assays which
utilized glucose.6-phosphate dehydrogenase
and NAD(P)H:FMN oxidoreductaseto gener·
ate 7'MNH,. Light emission was quantitated
using photometric and film detection teeh·
niques. Small quantities of lucifemse eould be
detected early after infection and the assay was
sensitive enough to detect a single Sf9 cell by
Iight emission. ln addition. recombinant bacu·
loviruses containing the fused bacteriallucife·
mse gene were used to infect cabbage loopers
(Trichop/llsia m) and saltmarsh caterpillars (Es·
tigmene acrea) by introducing recombinant
virus into their diet. Light emission could be
detected visually or by photogr..phic tech·
niques demonstmting spatial and tempoml de·
velopment of expression in the insects. Lucife·
rase recombinants provide a powerf, ' '001 \Vith
which to investigate the host mnge ai ûaculovi·
rus insecticides.

Matal,al and Methods

Cel1s and Virus
SN in.«Ct œil. and AutograpIJa cali/omica nuclear

polyhedrosis virus (AcNPVj were obtaincd from the
labordtory of Max Summers (Texas A & M University•

Lucir(f".l.\C Expf'C!ision with New
&cuIO\'irus Vcetors
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•
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Collcg.c Station. Tcx.• USA)P3}. T.niand E.acn'aÎn:o;cct
lan'ac were supplicd hy the Fl"lrest Pl::'it l\.1;'IO<lgcrnent
Institutc (Sault Ste. Marie. c.madal. E.\("/u·n'dIl"Q ,'oli
DH5a wus obtaincd from Bcthl,.":"da Rocarch Labor.!­
larie< (Gailher<burg. Md.• USA).

Chemicab. and Reagt'nrs
Dcc;lOal. for lucifcrdsc as:'a)'s. was supplicd hy

Sigma (St. louis. Mo.• USA) and the cofaClors FMN
and NADH and glucosc·6-phosphatc dchydrog,cn.
use (from Leuccmostoc m".w:n1l!rtJidc·s) C"J.rnc from
Boehringcr Mannheim (Dor'\'al. Canada), Gluco:->C'-6­
phosphate (potassium salt) was purch;,l.,..cd from Sigma.
The V."arwyi FMN :NADH oxidorcductasC' was par­
tiall)' purificd and rcsol\'ro from lucifer.!sc whih: that
from PllOwhaclt'rium (Vibri(J) .l'i.'icheri \Va... supplied hy
Boehringcr Mannheim. Standard baetcrial lucifcr.L~e

WOlS purilicd from recombinant baetcria as pn:\'iously
de<eribed [21].

Ccm..."uclion ofBaCrllt1l';nl... VCCIOt':\
Baculovirus \'mors which containcd a l\.gal~,etosi­

dase gene under the control of dilTerent baculo\'irus
promoters for purpos~ of sc~ning recombinant
\'iruses wen: construeted as follows. DNA frJ.gmenl~

containing the promoters from the baculo\'irus PlO
(34~ ETL [35]. and lEI [36] gen." were synthe<izcd
by palymer4se chain reae:tian (PCR) rrom AeNPV
genamic DNA using Taq polymcr4se [37). The PlO
promoternanked by EcoRV ~trietions sites on one end
and EcoRV/ Bgn.I sit~ on the other wassynth~izcdby
PCR using the IWO rallawing aliganuclealide<: S'·GA·
TATCGATATCCTCGAGCAAGAAAATAAAACG·
3' \5' end aliga). and S'·GATATCGATATCAGATC·
TATCATGAlTGTAMTAAAATGTAAlT·3' (3' end
oligo). The ETL promoter wa.'i isolated \Vith the follow­
ing aliganuclcatidcs: S'·GATATCGATATCAAGC·
CACACTGGACACGA·3' \5' end aliga) and S'·GA·
TATCGATATCAGATCTATCAlTlTAGCAGTGA·
lTCTAA·3' (3' end aliga). Finally. the lEI pramaler
was conslrue:ted using the rallawing primer<: S'·GA·
TATCGATATCTGTAClTGlTGTATGCAMTM·
AT·3' (S'end aliga).and S'·GATATCGATATCAGAT·
CTATCATAGTCAClTGGTGGlTr.ACGATClT·3'
(3' end aliga). The underlined sequences in the<e aliga·
nudeotides designate EcoRVand Bgn.1 restriction sites
which were designed to nank the particular promoter
regian. Each orthe promalers (PlO. ET!.. or lEI) pre·
parc<! by PCRand digcstcd with the enzyme &oRY was
inscrtcd iota the &oRY site or a modified pYL941
bacu1o\irus expression veetor [25. 26]. The orientation
or the rragment was cstablishcd by didcoxynuclcotide

~equencing,. -nlil" pl;l~mid W;l:-; ~ull ..equenlly eut \\'ith thl:
cnzymc Bg/II.:\ BdmHI fr.l(:ml:l1t clmt~lining, thl.'l~·g,;l·

1~letosid~ISC ':l1ùing. n:g,ion ~lOd S\''':O poly;u.lcnyl~llilln

sig.nall~51 W~l~ ~uhsequently introduced inhl Ihc l.·,llll·
~tihk' B..~nl silC' hl yic:ld 01 pb~mil.l'lf~lht.lut 13 kh,

D~\'A TratJ.~/i..'L·liott ... cltlt1l'laqul' .-"".\ll.".\'
DNA tr.lOslèctions ~lIld pl~Il.lUC: ;t~~IYS wcre pcr­

formcd ;ts prl:\'iously dl.~~rihc:d [2S. ~~lon culture pl~lIl."s

(I{K) mm di~lmctcr) I:xccpt th.u 1 ~Ig lineôtri..,e~! Ad\lPV
genomic l'NAt 1nvitrogcn. San Diego.Cllif.. USA)w;l~
,:otrJ.nslèctl.'d with 5 ~lg pla..mid DNA. Upon recin:ula­
ri7.ing,lhis line;lrized DNA i~ ~apableof rcg,ncr.lting the
pol~'hcdrin gcnc. Gcnomic DNA was ~,Imost tOI~llly

Iinc:ari:r.cd (noninrCI,.1iou~) ;md prot.!ul."('d only ~l 1'1:\\'

wild.ty~ plaqul."S cont;'lining occlusion hodi...-s when
introdueed into SI') eclls. Tr.msreetions wcre pc:rformed
for4 h. thc medium was eh;lIlgcd. ~lI1d \'irus W~IS "Uowed
to replicatc for 4..'\ h prior to doing pluque ;l.'~IY~. ln·
fected cells wen: o\'crlaid with 51"" SeOlPI"quc ~lg;arosc

comaining Bluo-g'll OIS prcviously dl."Scrihed (~51. The
proportion of rccomhinant plaqul."S comp::lred to con­
taminating wild-typc plaqul.'So WOlS cxtrc:mdy high
(60-~0'~ ..1.

I.mlalitm (!(RtTImthimllll Vinl,\'
Plaqu~ which wen: occlusion body negati\'c ;'lI1d

stained hlue in the prl."Sence of Bluo-gôll \Vcn: isol.ncd
immedi::ltdy after thcy bc:c::lmc app::arent, as prc\'iously
describcd 1~51. Plaque OlSsa)'S were rcpcôltcd .lt lU·. IIK).,
::md 1.OOQ...fold dilulion~ and blue pl;lqul."S were ;,ag:lin
sclmcd. When using lineôlrizcd AcNPV togcther wit.-l
th~c vcelor.;., two round.. of pl<lquc as~ys were sulli­
cient to g.cnemtc recomhinant virus totally frec l'rom
conUlminating wild.type virus, Lincarizcd \'ir.tl DNA
rcduccd the background ot" wild.typc virus and thc
dc\'c1opmcnt ofhluc colorrcsuhed in OlccelcrJ.lcll ident­
ilication ofvir.tl plaqu~,

Luminc.'icc.'nCt' A...."OyS.!()f 80Clt.',;01 1..ucij;"fQn·
SN inscet cells infceted with recombinant \'irus con­

taining the lucifemsc gene were harvcstcd at \'arious
timo postinfeetion. Approximatcly 4 x 10\ cells wcre
suspcnded in 500 ~I or PBS. 50 J1I was remavcd rar
analysis on SOS polyacrylamidc gels.. and the rcmain·
der WolS Iyscd dther by sonication (3 times for 4S s) or
with 1'% Triton-X 100. Lysatcs werc analYJ.ed by
photometer or in 96-w«:11 microtiter plates with X·r.ty
Iilm fordetection oflucifer..lsc: aeti\'ity. The ccli number
was determincd by Coulte:r counter prior to Iysis and
total protein Wël-; a.~yed with the: Bio-Rad (Hercules.
Calif.. USA) protdn detennination kiL The: photometrie
assay was perfonned by injection of FMNH~ into the

ll5
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rC<letion buffcr as prcviously describcd (15. 20}. Micro·
liter plate assa~ wcrc perfonncd with a coupled
enzymt: solution in a total volume of 50 !J.1 containing
50 mMpot..ssium phosph<atc (pH 7). 0.2% (w/v) bovine
serum albumin. 5mMil-mercaptoethanoi. 0.OO2'~ Îl deCJ'
nal.5 !J.M FMN. 1mM NAD. 20 mM glucose.6--phos.
phatc. 0.1 U of glucose·6-phosrhate dehydrogenase.
0.0015 U or NAD(P)H:FMN oxidoroduetaso and ox·
tract cont..ining lucifer.lse. Amido bl..ck solution (11)'%
w/v) WOlS placed out..ide the individual plastic wells ta
minimize light Icakage and n:nectian inta oadjacent <IS.

sa~. Microtiterplatcs wcn:exposed to X·rJ.Y lilm for2 h
prior to development.

Insect larv:'le wen: infectcd by mixing 10" PFU of
cxtrJ.cellular fCt."Ombin..nt virus per millililcr of dict
(Bi....Serv. Fn:nchtown. NJ.. USA). Lar\'ae midway
through founh instar (t8 days aftcr hatching) wcn:
starvcd for 24 h and then fcd twiœ with 1 ml of dict
containing virus. with an intcrval of 6 h betwccn feed·
ings. The infcetcd larvaC' wcn: subscqucntly rcared on
regular dict and 5 larvac wcre collected pel' timc point.
Luminescence l'rom infceted T.ni and E.ac~ caterpil.
lars wa... a...scs."Cd by quickly frcezing thc infcClcd lavac
and soakinl; them in la ml of the couplcd cnzymc huffcr
dc.-scribcdabovC'whichcontained J%(v/v) Triton X.. JOO.
The Jarvac. in pla...tic pctri dishes (60 mm diametcr).
wcre placed on top of X·rJ.Y lilm and exposed in a
light.til;ht box for 1-4 h. Altematively.luminescent laI"
V:.lC wcre photagrJ.phed din:etly in :.1 light.tight box
u.in8 TMAX P3200 black·and-whito film (Eastman
Kodak. Rochestor. N.Y.• USA) with a 30-min oxpo.ure.

Results

Construction ofBaculovirus Expression
Vectors
The baculovirus expression vectors pJVPIO.

pNETL.. ;lOd pJVlE1 were constructed as out­
line<! in Materials and Methods. The PlO very
laIe promoter[34]. ETLearly promoter[35].and
lEI imme<!iate early promoter [36] were syn­
thesized from AcNPV genomic DNA using
PCR technology and used to direct transcrip­
tion ofthe Il-galactosidase gene. The sequences
and transcription stan sites ofthese promoters
are presented in Table 1. Different promoters
were used in order to vary the quantities of
Il-galactosidase indicator produced in inseet

ceUs with the expression vectors developed in
our laboratory. Our vectors were designed to
expedite the screening of recombinant baculo­
virus which produced both ~-galactosidaseand
a foreign gene product ofinterest. The promo­
ters mentioned above directed the synthesis of
Il-galactosidase. while the synthesis of foreign
gene product.< (e.g.. bacterial luciferase) was
controUed by the polyhedrin promoter. Indica­
tor and foreign genes were designed to recom­
bine with the wild-type AcN PV genome via the
nanking sequences of the polyhedrin gene to
yield recombinants which were polyhedrin ne­
gative. produced the foreign gene produet. and
formed blue plaques when Bluo-gal was pres­
ent in the agarose overlay. P'.tnial restriction
maps of the three different vectors are present­
ed in ligure 1. Foreign genes can be inserted at
either the Nhel or BamH1 unique restriction
enzyme sites adjacent to the polyhedrin pro­
moter. An EcoRV frdgment (3 kb in length)
which contained the fused luxA/luxB genes of
V. han·eyi luciferase [5. 21] was inserted at the
Nhel site of each of the three vectors. The
vectors were linearized with Nhel. the ends
were rendered blunt with the Klenow fragment
of DNA polymerase. and the fused Juciferase
genes were introduced by ligation. In addition
two smaUer versions of these plasmids (pETL
and pPIO) were constructed which contained
truncated nanking sequences oflhe polyhedrin
gene (data not shown). These plasmids contain
the baculovirus sequences from the Xhol (1900)
to the Sali (9670/9720) restriction enzyme sites
described in ligure 1. The smaller expression
plasmids (10 kb in size) yielded exactly thesame
levels ofrecombinant protein production as the
larger vectors (data not shown) and were de­
signed to facilitate the introduction of larger
foreign DNA fragments into the c10ning sites.
However. the Juciferase recombinants de·
scribed in this paper were generated using the
larger vectors.

Lucifcra.-.e ExpfCS..\ion with New
Bllculoviru!> Vectors

•

•



• Table 1. PrOI1Wh:r rcginn ~~4ucnccs

Promotc:r Sequences Nu~lc(ltiJcs

Polyhcurin (S') GATATCATGG AGATA:\lT:\A :\AT(jAT:\AC(~ ATl'rCGCAAA lI:'

TAAATAAGTA rn'1'ACTG1T -rrcerL\:\('AG TnT(iTAA1'A
:\AAA:\ACCTA TAA"Tt,,')

PlO IS') GCTCGAGCAA (",\:\:\A'1':\:\:\:\ CGCC,,:\:\C(lC CïI1'(i(iAGTCr ~.~ 1
TG1'G1'GCTAT TiïAC:\t\:\G,\ 1TCAGAAxr..\ CGCXrCAtTr
ACAACAt\GGG GGACTATG"'\ A1TATGCA11' TGAGGAT(ICC
GGGACCTTI'A An'CAACCCA t\CAC:\ATATA 1T..\1''\(;lTAA
ATAAGAATfA TIA1'CA,.\,.\TC A111'GT"\1'A1' 1':\l\l1""I\:\'\T
t\CTAT/\CTGT AAATIACA1T l1"A111"AC"\"\ 1'('<3')

ETL IS') "\AGCCAC~CT GGACACGAAA AAGTCGA:\GG c"\l'rCGCTrC J()~

GATCAATGGA CAAAGAATC'A ATCGrrCGTA GGCt\:\C'AGA"
1'G1'CGGAA,.\G lTrGCATIGG ATGCGCGG('G GG1'CCA"\l'IT
GCCGCAAAAC TGCGGCGAGT TCA:\CGTGCiT GTCCAGCl'rG
TIG,\TGTGC"\ AC""TACGAT AATGAAAA"T T(jATAACGCT
TGCACGATIG CAAACATGCA CGCTCGG1TG AATA..\AAGC'T
CGCATCGTCG TCGTAAAA11' AGrrGTATC,\ AAGAGC'AGeT
GCAATfAGAA TC,.\CTGCTA,.\ AA(:n

lEI IS') TGTACTI'GTI GTATGCA,.\AT A,.\ATCTCG,.\T AAAGGCGCGCi 3h6
CGCGCG,.\ATG CAGCTGATCA CGT,.\CGCTCC TCGTG11'CCG
TICAAGGACG GTGTTATCGA CCTCAGA1TA ATGTI1't\l'CG
GCCGACTGTI 'nCGTATCCG CTCACCAAAC GCGTIITTGC
,.\TIAACATIG TATGTCGGCG GATGTICTAT ATCTAAl11"G
AATAAATAAA CGATAACCGC GTIGGITITA GAGGGCATAA
TAAAAGAAAT ATIGTIATCG TGll'CGCCAT TAGGGC/\GTA
TAAATIGACG TICATGTIGG ATAl1'G111'C AGTTGCAAGT
TGACACTGGC GGCGAC,\AGA TCGTGAACAA CC,.\AGTGAtT
ATGACG (3')

Various prtlmOI~rs from the tmculovirus of A. ca/i/omica wcre isol~l1cd hy PCR .and inst:rtcJ ill\tl Ihe IOC'Clul'

shown in ligure 1. The trJ.nscriptional start sites arc unucrlincd. 1111.: ,;' .ml! 3' cmls uf the prol1lUICrs ;an: :Ibn in­
dicatcd.

•

Screening ofRecombinant Baculovirus
Following cotransfection ofIinearized wild­

type AcNPV genomic DNA with the appropri­
ate veetors containing the luciferase gene.
plaque assays were performed to isolate recom­
binant virus away from contaminating wild­
type ·/Ïrus. Sf9 cells were infeeted and overlaid
with agarose containing the ~-galaetosidase

substrate Bluo-gal. Blue plaques subsequently
appeared in 3 days when using pJVPIO. 4 days

using pJVETL. and 5 days with pJVI El. The
plaque assays were photographed at 5 days
postinfeetion (fig. 2). Plaques produced by the
PIO/~-galaetosidase transcription unit gener.d­
Iy resulted in blue-stained areas which were
Iarger in diameter and more intense in color
than those produced with the pJVETL and
pJVIEI veetors.The intensity ofthe plaques did
not increase dramatically over longer incuba­
tion times. Only 1 or 2 plaque assays were
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n:quired ta ahtain n:camhinants l'ree l)( ~on·

taminating wild-type virus. hut an additional
pbque assay wa~ usu~llly perrorrned to ensure
th~lt thc n:comhinant was pure.

----~-_ .. - ... •
A1U1~\'sis l?( Rt.'comhinum Lucfli.·rast.' hy
SDS-Pofl'acryfamick GcI EfcclmpflOrcsis
srI) in,~~t cdls w~r~ inr~ct~dwith wild-typ~

AcN PVand lucirer~,erecombinant, produced
with th~ pJVPIO. pJVETL. and pJVI El vectoc>.
Cel1s wcrc harvcstcd at variaus times postinfcc.
tian and protcins were fr~ctionated by dectro­
phoresis on SDS polyacrylamide gds and
stained with Coomassie bluc (lig. 3). Lucïfcr..lsc
(SO kD) was c1early evident at 48 h postinfec·
tian and polyhedrin (33 kD). whose gene had
been replaced by the recombinant gene. was
absent in cells infeeted with recombinant virus.
Four different recombinant viruses \Vere iso­
lated with each \'eetor. and the viruses 'III
yielded similar levels of ludferase expression
\Vithin experimental error. However. r\.'Combi­
nant baculovirus produced \Vith the pJVPIO
veetor c1early synthesized larger quantities of
Il-galactosidase (110 kD) than virus derived
from the pJVETL and pJVIEI vectoc>. Our

'"
",,,,,', "', ,

",
.'••,' ,,~ k,

':'0 t~., ~,\." "4
l'.J\l' III

'1 ....... Ii,

't.'.. • ....,...,

Fig.1. Restriction endonuc1casc maps ofbaculo\'i­
rus ~xpl\."ssion \ocetors desisned to expedite the selection
of recombinant \'iruses. These plasmids contain a I\-ga­
laetosidase Sene under control of very latc (PlO). early
(ETL), or immediate carly (1 El) promoters and iL'" t:""Jn­
scription produet is terminated byan SV40 polyadeny­
lation sequence (SV40 PA). In addition. the \'eetors
contain unique NIJeI and BamHI sites into which
forcisn genes can be in~erted. The forcisn Senes are
expresse<! under control of the polyhe<!rin (?H) pro­
moter, Directions of trJnscnption are indicated with
arrows and cach plasmid contains an F1 origin of repli.
cation which can be use<! to gcnerJte sinsle-str.mded
DNA. ApUCS sequence is include<! which pennil< the
plasmid to grow in E. coli. RC5triction endonuclease sites
are indicated as a distance in nucleotides from the
Hindlll site of pUCS.
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Fig. 2. R,-~ombinant \'irus plaqul.":" fonn~d using the
thn:c diITcrent expression \'cctOrs. Monolaycrs of St\)
œlls were inf~cd with recombinant lucifcr.lsc virus
which had bt.ocn isolatcd artel' an initial round ofp13quc
purilication. Assays wen: perfonned a." outlined in Ma~

terials and Methods and the agarose overlay containcd

vector of choice is currently pJVETL since it
minimizes the amount of ll-galactosidase pro­
duced. which could complicate purification
procedures ofother recombinant proteins from
infected cells. In this study, scanning the
stained proteins with a laser densitometer
showed tha! 10-12% of the total infected cell
proteins at 72 h postinfection could be at­
tributed to luciferase. We estimated that a yield
of 100 mg recombinant luciferase per 10' cells
was produced using any ofthe three expression
vectors.

Phoromerric Quantirarion ofLuciferase
En::ymeAcrMryin InfecredSf9 Insecr Cells
Insect cells infected with recombinant bacu-

lovirus were harvested at various times postin­
fection, Iysed by sonication and an aliquot of

the l\.gal;lctosidasc subStr.ltc Bluo.g~ll. PI:lquc.-s ~lp.

pcared at 3. ~. and 5 d;;lYs using virus pmduccd with
pJVPIO. pJVETL ;;lnd pJVI El \'Cc.1ors. rc.-sfl'.....1ively.ll1C
petri dishc.-s Were im:erted and phOtOgr.lphcd al 5 c.IOlys
postinfeclion.

the extract was used in the photometric lucife·
....lSeassay dcscribed in the Materials and Meth·
ods. Lucife....lSe activi!y was quantitated from
cells infected with baculovirus prepared with
the three dilTerent expn:ssion vectors and the
data are summarized in table 2. Luminescence
peaked with sample'S prepared from the 72­
hour infections with ail three recombinanl' and
declined slightly with prepal'"Jtions from the
96-hour infection, possibly due to virus-medi­
ated cell Iysis. This disinteg"'dtion of cells was
apparent when viewing the cells with a phase
cont...dst microscope. Generally, 30-60 pg of
active lucife....lSe was produced per nanogram
of total cell protein. More simply. 3.8-7.3% of
the total cellular protein was present a' active
luciferase in our assays. These yields corre­
sponded to a production of 30-46 pg of active
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Fig.3. Coomassic.blueostainedge1softotal protcins
produced in SN insc:et cells infceted with eithcr wild·
type AcNPV baculovirus (\vn or recombinant lucife·
r.l....e \'irus (luc). Recombinant "irus WOlS produccd with
cach of the pJVPIO. pJVETL. or pJVIEI expn:ssion
\'cetors and use<! to infect Sf9 cells. Proteins wen: salu­
bilizcd by Iysing the: cells in samph: bulTcrat 0.12.14.48.

i2. and 96 h postinfeetion and subsequently scpar•.ucd
by SDS-polyacrylamide e1cetrophoresis. Recombinant
lueifer.l5e (Lue) and II-galaetosidase (II-Oal) are indi·
CliN by arroy.'S .1t the right of cach gel. Protein stan·
dards (STD) of9ï. 68. 46. and 29 kD are designalcd by
numbers Olt the righl of cach gel.

Table 2. Photometrie as~ys of ludli:r.1SC activit)' in Sf\) c..:lIs inf..:ch..-d wilh recombinant baculovirus v..:ctors

Timc poslinfl."ction pJVPIO pJVETL pJVIEI
h

pslccll pslng protein pslccll pslng protein pslcell pslng protein

Il Il.lKI 0.110 0.00 0.00 0.00 0.00
11 O.OO-!±O.OOl O.l109±II.lJ03 0.O1±0.OO5 O.02±O.OOï 0.01 ±0.OO3 O.04±O.O2
24 0.31 ±0.03 O.3SII±O.03 0.s.aO.19 I.02±O.14 O.ïï±O.1O 1.50±O.50
olS 22.2±1.3 26.1±2.1 32.ï±2.1 35.S±3.5 25.8±8.5 36.3±9
72 3C>.6±4.0 3ï.3±2.4 46.0±3.0 59.S±2.9 34.4±S.2 4ï.2±13
% 32.4±4.2 40.9±3.ï 30.0±4.3 51.6±5.9 2ï.9±3.0 4-I.6± 10

Assays w..:re COndUCll.-ù by photomelrie injcction assay. convcrted into pg of nativc lucifcr.L"C and dividcd by
the numbcr of ecUs or nanogr.tms of pro1dn exlrncl and assayl.'"d as dcscri~d in Matcrials and MClhods. Errors
wen: calcualted a." SD fnml four cxpcrimcllb.

Ric:~rd.'iOn/&n\il1C'/u.lumi(ttl
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Fig.4. X-rJY liIm dctcetion a.,.;.ays ortucifer.L'c pro­
duced in Sf'9 inscct ecUs. Microtiter plate a....-.aY$ wcn:
pcrfonned as outlined in Materials .md Mc:thod.. in the
presence of FMN. NAD. glucosc-&.phospha...e. glu­
cose-6-phosphate dehydrogena.<c. and NAD{PIH:
FMN oxidoreduet3."C. The cntire microtiter plate was
expose<! to X-ray film for 2 h prior to dcvclopment. A
Each weil containcd a Iysate prepared from 10 inseet
cells harvcsted al 0.12. 24.48. 72. and 96 h postinfeetion.
Cells were infeeted with recombinant luciferase virus
prepared with pJVPIO. pJVETLand pJV1E1 expression
veClors. Standard (STO) amounts of luciferJSe (O. 0.0\.
0.03.0.10.0.31. and 0.94 ng) were ineludcd in the a.<."'y
for estimating the amounts of enzyme produced in
insect cells. BSimilar results except that larger numhers
of cclls (indicated by the number bcneath eaeh weil)
were assayed al carly limes of infection in arder to
detennine when luciferase was first synth~ized in in·
feetcd cclls.

luciferase per infected insect cell and ex­
perimental uncenainty was estimated to be
±12-15%.

Ana(vsis ofLuciferase Acriviry Using a
Coupled En::yme Sysrem and Film Derecrion
ln additon to the substrate (decanal), the

enzyme luciferase requires the cofactor
FMNH~.Since this reduced nuc1eotide rapidly
oxidizes on exposure to air, it was necessary to
continuously generate FMNH~ using oxidore­
duetase and NADH: production of the last
cofactor was coupled to the oxidation of glu­
cose-6-phosphate by glucose-6-phosphate de­
hydrogenase. Aliquots of insect cell Iysates
from 10 cells were added to enzyme assays in

0 12 24 48 72 96
B •••• pJVP10

'0000 .>00 ODO '0 '0 '0

•••• pJVETL

.0000 ,...- '0 .. .0

•••• pJVIEl

10000 "00 ODO '0 " '0

•.. STD

the wells ofmicrotiter plates. These assays were
subsequently exposed on X-ray Iilm for 2 h and
the resu\ts of the experiment are shown in
ligure 4A. The observed luminescence paml­
leled the more precise photometrie assays pre­
sented in table 2. Some \uciferase activity could
be detected at 12 h postinfection when more
cells were added to the assays (ligure 48). This
Iilm detection assay offer.; a convenient
method to estimate the amount ofactive lucife­
rase present in the infeeted cell using purilied
recombinant bacterial enzyme as a standard
[21]. Quantities as low as 0.\ ng ofactive lucife·
rase could be detected following 2-4 h expo­
sure to X-ray Iilm.
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Fig. S. Luminescence from infected inseet ccII
monolaycr.o. and T. nilarvae. AVirus plaque assays were
pcrformed as outlincd in Matcrials and Mcthods using
virus produced with the pJVPlO ex.pression vedal' con·
mining the lucifcmse gene. A'i."3ys were incut-ated for 6
day:; and ovcrlaid with agaro~ containing glucose-6­
phosphate. dc:canal. NAD. FMN. o,idoreduClase. and
glucose.6-phosphate dehydrogenase. Culture plates
wcre placed on X-rJ.)' mm in 10tal darkness for 4 h. B
T. ni larvae wc:n: infceted with a smatl amaunt of food
containing lucifera.liic recombimu.t virus. then colleeted

•

D

atdirrerent times ofinfeetion (0.12.36.60. 96. and 120 h)
and plaeed in the luciferase assay coektail which con­
tained the coupled enzymes at 1% (v/v) Triton X-IOO.
Larvae were photographed in com~lete darkness for 30
min using TMAX P3200 black-and·white film (6.400
ASA). CThree caterpillars infeeted with luciferase rec­
ombinant virus for 120 h wcre 1=" :d in the tuciferase
assay coektail containing 1% (v/v) Triton X-IOO. The
petri plate was e,poscd to X.ray film in total darkness
for 4 h. D Black·and-white photograph of the larvae
shown in Cusing tungsten lighting.

Richard.'ôOn/8:ln\;lrc/Lalumièrel
Vi:tbn:VMeig.hcn

Demonstration ofln vi"o Luminescencefrom
Insect CellMonolayersand Larvae Infected
with Recombinant ViIUS
Inseet œil monolayers were infeeted with

the baculo\irus recombinants at varying dilu­
tions and were overlaid with agarose contain­
ing Bluo-gal. Blue plaques appeared between 3

and 5 days postinfeetion. At this time, plaque
assays were again overlaid with agarose which
now contained glucose-6-phosphate, decanal,
NAD, FMN, oxidoreduetase, and glucose-6­
phosphate dehydrogenase. The tissue culture
plates were subsequently placed on X.ray film
for 4 h. Light emission was deteeted from indi-

Lucircr:L~ Expression wilh New
Baculovirus Veaof5 •



Table 3. Phll(lll1ll.:trk ;1""~IY" ,If llh.:ikr;l'\'· ;l\.'ti\ity in 1'. 'Ii I;lf\;\l' lnk\.-h:d \\1(11 l"1'1'\ll1l,

hin~lnt h;ll"ul\wiru..

Time postinfection
h

Lucifer.lsc/mg {{J1:ll rnllcin Pcr........nt 111' tlll:ll pn1h:in Lu.... if.... r;N.·/l;\f\':\

!.1g ~I!:=

---
0 0 0 0
~6 0.11 ±O.O:' tl.OI ±O.OO:' (1,7111.1
60 9.~N±~.-l I.O±Il,.'q llh.l'±::~

96 :!1.0±';.O :!.I ±O,:'O 19:'.0±"6
I:!O ,,-+ ..... :!__~±IU.' I·N,lI±.'lI___ 1_.' ..'

AS~IYS were CllOductr.=d hy pholmnctric inj....ctiun :IS..;IY .....ul1v....n ....d inlll mil,,·rn:.:r:lI11S of Il;1­
tive lucilcr.lsr.= as dcs.... ribC'd in l\l~lIcriab :lOd ~kthoc.ls_ l\n:nly·tïn: br\~ll' midw;IY Ihnlu~h

fnunh instar (IS days arter hôltching) wen: inf....l:I ....c.I with lit' PHI ur C\Ir.h.:dhl1;lr rCI'lllll­
himml virus per millilitcr nf c.lict. Five c:ltr.=rpill:lt'So wcr.... hllllulgr.=ni/ec.l in 1 m\ tll" l";
TrÎllmX-I(X) in water at c;lch of .he indicalr.=d lim....s. S:unplcs w.... re imm....di:ltdy fnl/\.·n ~ll

-:!() oC An aliquot (1 Ill) W:lS :lssa)·cc.l fur :1I':livity ;mc.l th .... r....sults wr.=r.... :lver:l:':l.:d, Th.... :I\W­

age wet wCÎghl of:ln inli:cted C:ll .... rpill.lr W;IS :!:!3±:!6 mg, Errurs w....r.... l,·;lktll;lt....\1 ;1.. SI).. hel­
w....en the 5 caterpillars at c~lC.:h lime puint.

•

vidual plaques (ligure SA) and the luminescent
infected cells correlated weil with those which
contained Il-galactosidase and produced a
corresponding blue color.

Cabbage loopers (T. m) midway through
fourth instarwere deprived offood for 24 h and
infected by feeding them recombinant baculo­
virus (10"-10' PFU) mixed with a small quantity
of insect diet twice within 6 h. The infected
larvae were subsequently reared on untreated
diet. They were harvested at various times post­
infection, homogenized, and luciferase was
quantitated form aliquots by photometrie assay
as shown in table 3. Enzyme activity peaked at
96 h and about 0.195 mg ofactive luciferase was
detected in a single infected larva with an aver­
age weight of 223 mg. In another experiment,
larvae were infected. rearcd for3-4 days on diet
free of virus, frozen, placed in the luciferase
assay cocktail which contained the coupled
enzym~~and either photographed in complete
darkness (lig. SB) or exposed to X-ray lilm for
2 h (lig. SC). Light was emitted from most

regions ofthe larvae (lig. SC) when the exposed
areas on the lilm were compared to picturcs
taken ofthe caterpillars undertungsten Iighling
(lig. 50). This linding is consistent wilh pre­
vious studies conceming the pathology of in·
fections by AcNPV in the larvae ofthe cabbage
looper late in infection [38]. The cabbage
loopers usually died by 6-7 days infection.
Larvae in the preceding experiments were fed
large quantities of extraceliular virus. Further
experiments using occluded virus would re·
quire the administration of smaller quantities
of virus and these studies would be a more
signiticant model for infection of larvae in the
environment Similar result. were obtained
with the larvae of E. acrea (data not shown).
When homogenates oflarvae (solubilized in 1%
Triton-X 100) were assayed for active lucife·
rase using photometrie detection techniques
and standard recombinant luciferase from bac­
teria [21], it was estimated that each T. ni cater­
pillar produced 195 Ils of active luciferase fol­
lowing 96 h infection (table 3).
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The preceding results indicate that the
luxA/luxB lucifcrjsc system is not only an
excellent reporter gcnc in vitro but can also be
uscd to dcmonstrJ.tc expression in vivo.

Discussion

The preceding work describes the construc­
tion and development of new baculovirus vec­
tors designed to expedite the screening of rec­
ombinant virus which in this case expressed a
baeteriallucifer.lSe fusion protein. Many bacu­
lovirus veetors use the strong promoter from
the polyhedrin gene to direet transcription of
the foreign gene [23. 24]. These veetors contain
the 5'- and 3'-nanking rcgions ofthe polyhedrin
gene and pues sequences for growing the plas­
mid in E.colibaeterial cultures. Insertion ofthe
recombinant gene into the wild-type virus
genome relies upon a process of homologous
recombination between the polyhedrin gene
nanking sequences in the plasmid and viral
DNA. Screenil1g recombinant viruses. and pur­
ifying virus con13ining the foreign gene away
from contaminating wild-type virus can be dif­
lieult since the recombinant plaques now lack
viml occlusion bodies and are often difficult to
scc. Wc previously reported the construction of
a vector [25] which con13ined !WO promoters
aetive very late in infection: the PlO promoter
was used to direet the synthesis of !3-galaetosi­
dase while the polyhedrin promoter controlled
the synthesis offoreign gene produets. The!Wo
genes. together with their promoters recom·
bined at high frequency with wild-type viral
DNA to yield recombinant virus. which pro­
duced blue plaques when infected cells were
overlaid with agarose con13ining !3-galaetosi­
dase indicator. The virus produced with this
pJV(NheI) veetorsynthesized a lot of!3-galaeto.
sidase which could potentially compete with
the foreign gene produet for amino acids and
aIso complicate procedures for the purilication

of the other recombinant protein from infeeted
cells. In this paper wc chose immediate carly
(1 El) and carly (ETL) promoters to reduce the
amount ofJl-galaetosidase produced. The num­
ber of nucleotides between the promoters di­
reeting tmnscription of the lacZ gene and the
polyhedrin promoter was a1so reduced from
900 to 90 nucleotides to maximize the chance;;
that both the ~-galaetosidase gene and the
foreign gene would be introduced together into
the recombinant virus. Following cotransfec­
tion with DNA from wild-type AcNPVand the
roew expression veetors. 0.\-1% of aIl baculovi­
rus plaques contained the !3-galaetosidase and
lucife!'::>c genes. However. using Iinearized
AcNPV in the cotransfection process [39. 40]
increased the efficiency for seleeting recombi­
nant virus to levels of 60-80% since Iinearized
viral DNA is noninfeetious. Recombination of
linear DNA with the plasmid produces infec­
tious recombinant virus with a small back­
ground of contaminating wild-type virus.
Smaller (10 kb) veetors with decreased polyhe­
drin nanking regions have becn developed in
our laboratory and these pIasmids may be more
manageable in E.coli and shouId permit the
expression of larger genes.

Baeterial Iuciferase represented an ideal re­
porter gene for baculovirus infeetions of Sf9
cells and insect larvae. The assay for this
enzyme was extremeIy sensitive and simple to
penorm. Quantities of 10-100 pg of enzyme
could be deteeted in photometrie and liIm as·
says. Microtiter assays and disseeted larvae
emitted Iight which could be visualized in a
darkroom. This sensitive reporter may permit
the investigator to follow the route of virus
infection through the gut in an individual host
caterpiIlar. ln the laboratory, susceptible cell
Iines and larvae were monitored for infeetivity
by extraceIluIar (nonoccluded) recombinant
viruses containing the Iuciferase gene. How·
ever, recombinant viruses which produce both
occlusion bodies and luciferase may prove of
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value when considering the elTeets of virus­
based insecticides upon other nontargeted in­
seets outside the IaborJtory. In addition. a
number of laboratories have utilized Bomh):<
morio HeliO/his =ea. and T. ni larvae to produce
relevant proteins [41-43]. l'vIedin ct al. [43J dem­
onstrated that cabbage loope., could produce
human adenosine deaminase at a yield of2% of
its total protein. Our studies confinn the fact
that extremely large quantitics of functional
recombinant protein can be produced in cater­
pillars. Such production technology may prove
useful in the synthcsis of sorne recombinant
proteins. Recently. another laboratory ex­
pressed fireOy luciferase in insect cells and
larvae [10. 44]. These investigators demonstrat­
ed high level production of luciferase in tissue
homogenates oflarvae. In addition. one labor­
atory recently expressed the click beetle lucife­
rase and demonstrated luminescence in single
infected insect cells [Il]. Our paper is the first
communication demonstrating the use of bac­
terial luciferase as a reporter in an insect sys­
tem. The enzyme mechanism is very different
from other \uciferases with respect to substrate
and cofactors.yet results in our laboratory indi­
cate that it is an equally sensitive reporter gene
since luminescence could also be detected from
single cells expressing the protein. The luxAi .
luxB gene product was assayed in the presence
of a coupled enzyme system which generated
the cofactor FMNH!. a requirement for
enzyme activity. Bacterialluciferase produced
luminescence over longer periods (i.e .• hours)
compared to fireOy and click bectle luciferases
which deplete their AT? reserves within
minutes. The substrate for the bacterial enzyme
(decanal) is also cheaper. penneates the cell
better. and is more readily available than the
substrate for fireOy luciferase (Iuciferin).
Clearly the expression ofbacterial luciferase in
insect cells is esthetically pleasingbut it aIso has
practicaI applications in assessing the environ·
mental impact of recombinant baculoviruses

which arc c..;rrcntly hc:ing considcrcd for the
role ofbiological insecticides [1-4]. Wc arc pres­
cntly assaying baetcrial lucifcra~è in ~I \Vide:
variet)' of insect hosts in order to ascertain the
uptake and dissemination of hacukwiruse:s in
different insectlarvae.
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