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Preface
Let me begin by saying that Iamvery excitedto soon finish my graduate work
and (by the time the thesis will be printed) to have begun a post-doctoral position in
pursuit of a Ph.D. career track. Despite the excitement, the decision to follow such a
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to dofor me,and some of my 'stellingen' (statements) may reflect that. Myfirst thanks
go out to the people who have, through the many years, discussed with me their
personal experiences during andafter obtainingtheir Ph.D.,inparticular Gary Blissard
and Peter Roelvink. It is,needlessto say, unpredictable what a Ph.D.will bringor lead
to, nevertheless these discussions were always very helpful and well appreciated.
Ultimately, entering the Ph.D. track has enhanced my thinking and enthusiasm with
regards to virology in many ways, and Iam happy to be where Iam.To get where I
am, Ihave had help andsupportfrom agreat many people. From our labandCornellI
would like to thank for good colleagueship John Wenz, Phil Kogan, Xiaoying Chen,
Jeff Slack, David Garrity, Min-Ju Chang, Kathy Hefferon, Guangyun Lin, Debbie
Letham, Casey Finnerty, Marlinda Lobo de Souza, Pat Lilja, Jodie Mangor, Rodolfo
Lopez-Gomez, Bob Granados, Alan Wood, Pat Hughes, Ping Wang, Marc Harper,
LokesjJoshi,and last but not least Scott Monsma.FormyIthacafriends, I'll simply say
thanks to Paul and to the Gary (Matassarin) group, which includes just about
everybody else Iknow.Aspecialthank yougoouttothe BoyceThompson Institutefor
providing excellent opportunities and an encouraging scientific environment, to Andy
Grefigfor putting meup inhis houseforseveralyears,to my promotorJust Vlakfor all
of the timely arrangements and tasks carried out in Wageningen on my behalf in
preparation of the defense, to my Dutch friends Toon Rijkers, Belinda Oude-Essink
and Inca Kusters for their enduring friendship, and to my supervisor Gary Blissard for
the never ending enthusiasm and encouragement andfor giving methe opportunity to
develop my skills. Gary, it has been a (intense :) ) privilege to get introduced to
virology in your laboratory. Finally, I'd like to thank my family for a life-long support,
everybody I have not mentioned above, and most of all Katie, my wife, for all of the
patience, understanding,and encouragement.
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Chapter 1
Introduction and scope of the thesis
Introduction to the Baculoviridae and their life cycle
The field of baculovirology has advanced rapidly in recent years. One reason for
this advance wasthe potential to use baculoviruses for insect pest control, as the main
target of baculoviruses, Lepidopteran larvae, cause feeding damage to agricultural
crops and forests. Along with an increased understanding of the molecular biology of
baculoviruses came the potential to use baculoviruses as systems for foreign gene
expression andto study fundamental virological questions. It is within the latter category
thatthefocus ofthisthesisfalls.
The Baculoviridae are a family of large, enveloped, double-stranded DNA
viruses that are found almost exclusively in insects. Most baculoviruses have a narrow
host range, and infect hosts withinthe order Lepidoptera. Some have been identified in
other insect orders such as Hymenoptera and Diptera, as well as in crustaceans. The
virions of the Baculoviridae are typically rod-shaped (~ 30-60 x250-300 nm), and are
often found embedded within proteinaceous occlusion bodies (Fig. 1). All known
baculoviruses are currently classified inone of two genera: the Nucleopolyhedroviruses
(NPVs),orthe Granuloviruses (GVs),whichcan be differentiated (among others) by the
size of their occlusion bodies. The GVs occlude single virions within smaller occlusion
bodies called 'granules', whereas the NPVs contain multiple virions within each large
occlusion body (OB) or 'polyhedron'. The NPVs are designated SNPV or MNPV
depending on whether single (S) or multiple (M) nucleocapsids (NCs) are packaged
within each virion. Virions of the NPVs derived from polyhedra, are termed 'occlusion
derived virus' or 'ODV. Not all NPV virions however are occluded within polyhedra.
Characteristic for the NPVs is the production of a second, non-occluded phenotype
during their infection cycle: the 'budded virus' (BV). While apparently containing
identical NCs, BV and ODV differ incomposition of their envelopes, and serve distinctly
different roles in the infection cycle. Whereas the ODV is highly infectious only to the
epithelial cells of the midgut and is responsible forthe spread of the virus from insect to
insect, the apparent role of the BV in the infection cycle is to spread the infection from
cell to cell within the insect (128, 265). BV is highly infectious to cells and tissues
(except midgut) in vivoaswell as intissueculture.
Baculovirus occlusion bodies are released into the environment upon cell lysis
and death of an insect host. Horizontal transmission occurs through feeding on foliage
contaminated with occlusion bodies. After ingestion, ODVs are released in the insect
midgut when the occlusion bodies dissolve upon exposure to the alkaline pH (Fig. 2).
Upon entering the epithelial cells, NCs are released into the cytoplasm and migrate to
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FIG. 1. Structural composition of the two baculovirus phenotypes, 'budded virus' (BV) and
'occlusion-derived virus' (ODV)(adapted from Blissard, 1996). The ODV structure in this illustration
represents the Multicapsid (M) Nucleopolyhedrovirus (NPV) group. Proteins specific to either BV or ODV
are indicated onthe left and right of thediagrams. Proteins common to bothvirion phenotypes are indicated
inthe center. The baculovirus capsid isof apolar nature, illustrated by astructure described asclaw-like at
the bottom, and by aring-like nipple structure at the top. Although the specific locations of most capsid
proteins are not known, the P78/83 capsid protein was reported to be localized at one end of the capsid.
The possible location of the P74 protein is indicated by adashed line. Lipid compositions of the BV and
ODV envelopes derived from AcMNPV infected- Sf9 cells (14) are indicated (LPC,
lysophosphatidylcholine; SPH, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PE,
phosphatidylethanolamine)

the nucleus where transcription of viral genes and replication of the viral genome takes
place. The - 134,000 bp genome of the prototype baculovirus, Autographs californica
Multicapsid Nucleopolyhedrovirus (AcMNPV), was recently sequenced and contains
154 open reading frames (ORF) potentially encoding proteins of >50 amino acids (2).
Genes are expressed sequentially, in a cascade-like fashion in which each successive
phase is dependent on the previous one (for reviews, see (7, 167)). Regulation of
baculovirus gene expression occurs primarily at the transcriptional level, and three
separate phases are distinguished during a baculovirus infection: early, late and very
late. Early genes are transcribed by a host cell-encoded RNA polymerase II, and
contain typical eukaryotic consensus transcription signals such as the TATA box and
CAGT motif. Among the early gene products are powerful transcriptional regulators,
such as the immediate- early gene ie1 (81). Late genes are transcribed by an alphaamanitin resistant virus-encoded RNA polymerase (56, 82), and this transcription
initiates at aconsensus A/GTAAG motif. Many late genes are involved invirion structure
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FIG. 2. The baculovirus infection cycle (from Blissard, 1996). On the left, the infection of midgut
epithelial cells by the occlusion derived Virus (ODV) is illustrated. After fusion of the ODV at the plasma
membrane, two possible routes of nucleocapsid migration are indicated (aand b). In what isthought to be
the typical route (a), nucleocapsids (NCs) are transported to the nucleus where gene expression, DNA
replication, and assembly of progeny NCs occur. Newly assembled NCs then migrate from the nucleus
towards the plasma membrane. A portion of the incoming NCs may bypass the nucleus (b), and migrate
directly tothe basolateral plasma membrane. NCs budfromthe basalsideofthe epithelial cell at sites where
GP64, the major envelope glycoprotein of the BV phenotype (indicated by arrows), has accumulated.
During the budding process, GP64 isacquired along with aloosely adhering envelope. The right side of the
figure represents the infection of insect cells, other than midgut epithelial, by the 'budded virus' (BV)
phenotype. After BV binding and uptake into the endosome, the acidification of the endosome triggers
fusionofthe viral andendosomal membrane,after whichthe NCs are released intothe cytoplasm. Although
the modes of entry of the ODV and BV are different and specific for each virus phenotype, once NCs are
released into the cytoplasm, progression of infection appears similar. Except for midgut epithelial cells, at
the very late stage of the infection cycle nucleocapsids become embedded within proteinaceous occlusion
bodies (OBs) in the nucleus. Upon death and liquefaction of the host, OBs are released into the
environment to initiate a new round of infection.

and morphogenesis, whereas the very late genes such as polyhedrin and p10, are
associated with virus occlusion (253,255).The very late genes are expressed from very
strong viral promoters, and these promoters are extensively utilized in baculovirus
systems for heterologous protein production.When viral DNA has been replicated and
structural proteins are produced in sufficient quantities, NCs are assembled within the
nucleus, and subsequently migrate towards the plasma membrane. NCs line up along
the plasma membrane (90) at sites where GP64,the major envelope glycoprotein of the
BV, has accumulated (258).As NCsegress by budding through the plasma membrane,
they acquire from the host cell a loosely adhering envelope (249), and GP64 is
acquired by the BV in the process of budding. The BV phenotype then, is responsible
forthe spread of infection beyondthe initially infected midgut epithelium. This is thought
to occur by budding ofthe BVfromthe initially infected midgut epithelial cell at the basal
plasma membrane, as this was experimentally observed by several groups (for
example (74, 249)). Recent studies suggest that the BV may also use the tracheal
system to spread the infection beyond the midgut epithelium, since tracheoblasts are
amongthefirst cells infected after midgut epithelial cells (47, 51,127). The mechanism
of virus budding andthe role of GP64 inthis process arenot well understood, andthis is
one of the research topics (chapter 4) of this thesis. Contrary to epithelial cells, at the
very late stage of infection of non-epithelial cells,a portion ofthe newly assembled NCs
remain in the nucleus where they are occluded within proteinaceous occlusion bodies
(OB), termed polyhedra. Upon death and liquefaction of an infected insect, these OBs
remain in the environment to initiate a new infection upon ingestion by a susceptible
insect larva.

A history of GP64 literature preceding the thesis
Theearly history.One of the earliest reports of the baculovirus protein currently
known as GP64, GP64/67, or GP64 envelope Fusion Protein (GP64 EFP) was a study
by Carstens (21). Inthat study, a protein of an estimated molecular weight of 67 was
shown to be a major structural BV component, and could be detected in AcMNPV
infected Spodoptera frugiperda(Sf) cells asearly as 6-8 h pi, peaking at 24 h pi. Other
studies found asimilarly sized BV protein to be phosphorylated (161) and glycosylated
(68). Monoclonal antibodies (MAb) were raised against the non-occluded or BV
phenotype ofAcMNPV (97).Twoantibodies fromthat study,AcV5 andAcV1, have since
been extensively utilized in the quest for GP64 structure and function. These two
antibodies differed in their reactivity for GP64. In Western blot analyses of Bmercaptoethanol-reduced BV proteins, MAb AcV5 displayed strong reactivity for a
protein with anestimated molecular weight of 64,but did not neutralize BV infectivity. In
contrast, AcV1 neutralized BV infectivity but did not react with any viral proteins on
Western blots. Neither ofthe two antibodies reacted with proteins derived from ODV. In
a later study (264), the target antigen for AcV1 was further investigated: AcV1 was

shown to immunoprecipitate proteins of various molecular weight (among which a
protein of 64 kD),all of whichwere glycosylated. Inretrospect some of these were likely
degradation products of GP64 with the exception of some high molecular weight bands,
which were speculated to represent dimeric, trimeric, and tetrameric forms of GP64
(258, 260).TheAcV1 epitope on BVwas destroyed when viral proteins were denatured
inthe presence of R-mercaptoethanol. GP64 was (again) shown to be phosphorylated,
and reported to have an isoelectric point of 3.15andtherefore to be highly acidic. Itwas
suggested that the phosphate groups might contribute to the acidity of GP64.
Unpublished data from our laboratory however suggest that the isoelectric point is
between 5.6 and 6.0, contradicting the earlier assertion that GP64 might be a highly
acidic protein (Monsma, unpublished data).
GP64and virusexitfromthehostcell.A study by Volkman (264) was among the
first to demonstrate the location of GP64 inabaculovirus infected insect cell, and to give
clues about one of its possible roles inthe baculovirus infection cycle. AcV1 was shown
to react withthe surface of infectedcells atastageofthe infection cycle priorto
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FIG. 3. Baculovirus BV budding and presence of 'spike-like' proteins or 'peplomers' on the BV
phenotype as seen by electron microscopy (from Blissard(7)). In the late phase of the infection cycle,
progeny NCs migrate from the nucleus and bud through the plasma membrane at sites where GP64
(indicated by arrows), the major envelope glycoprotein of the BV phenotype, has accumulated. GP64 is
acquired during the budding process, along with an apparently loosely adhering plasma membrane-derived
envelope. The resulting virions display 'spike-like' proteins or 'peplomers'atthe virion surface. These spikelike proteins appear to be concentrated at one end of the virion and are believed to be composed of the
major envelope glycoprotein GP64.

polyhedra formation, a period of active virus budding. Also, immuno-electron
microscopy indicated that AcV1 reacted with a protein present at or in the viral
envelope, more concentrated at one endof the virion with 'peplomers' (264)(Fig. 3). The
accumulation of 'peplomers' or 'spike' glycoproteins at the plasma membrane
coincident with budding of virus particles from the cell surface, was a process observed
with several other enveloped viruses (129). In addition, while NCs were observed
budding only from the basolateral side of ODV- infected midgut epithelial cells (74,
249), GP64 was detected in AcMNPV- infected columnar epithelial cells in a polar
fashion as well (127). Hence, it was suggested that GP64 might be a potentially
important factor in the budding process of AcMNPV. The role of GP64 in virus exit was
extensively studied inthis thesis,see chapters 4and3.
GP64and virus entry into the host cell. In an attempt to better understand the
entry mechanism of BV,the mechanism by which MAbAcV1 neutralized BV infectivity
was examined (261). Binding of radiolabeled BV to Sf21 cells appeared unaffected
when BV was pre-incubated with AcV1,showing that the neutralizing capacity of AcV1
was not at the level of virus binding to cells. Inthe same study, a valuable insight into
the mechanism by which the BV phenotype enters its host cell was gained, when the
effect of lipophilic amines on BV infectivity was examined. These agents (for example
chloroquine and ammonium chloride, also called lysosomotropic reagents) prevent the
acidification of the endosome when added to cells (89, 148). As such, these reagents
identified viruses that enter by endocytosis, such as the enveloped viruses Semliki
Forest virus (SFV, Togaviridae)(158), Influenza virus (Orthomyxoviridae)(148), and
Vesicular Stomatitus virus (VSV, Rhabdoviridae)(35). When insect cells were treated
with these lipophilic amines, BV infectivity was drastically reduced, and it was therefore
concluded that baculovirus BV also enters its host cell by endocytosis. MAb AcV1 then,
neutralized BVat a stage of endocytosis beyond binding, possibly in the endosome. In
the modelofentry byendocytosis (see also Fig.2),virus first binds to cells, and is then
taken upvia clathrin coated pits to follow an endocytic pathway. During uptake through
the endocytic pathway, the pH of the endosome decreases at least partly as a result of
vacuolar proton ATPases (83).The lowered pH triggers a conformational change in the
viral glycoprotein, which in some cases has been shown to expose a hydrophobic
fusion peptide/domain. Based on recent studies with Influenza virus following a
comparison ofthethree-dimensional structure of portions of HAatthe physiological and
low pH conformations (18, 279), some of the important conformational changes
believed to occur are a) formation of atriple-stranded coiled coil, and b) the transition of
a loop region within each HA monomer to an alpha-helix structure. These structural
changes in turn translocate the alpha-helical hydrophobic peptide, and insert the
peptide intothetarget membrane.Thetop of the acid-induced coiled coil isthen thought
to spread apart, thereby bringing the viral and cellular membrane closer together
('apposition' (20, 285)). This ultimately leads to fusion of the viral and endosomal
membrane by a process that is poorly understood, and after which the viral NC is

thought to be released into the cytoplasm. The fact that uptake through an endocytic
pathway (after binding tothe host cell) requires energy and can be prevented by using
low temperatures, was utilized to further examine the kinetics of viral entry by
endocytosis andthe role of GP64 in viral entry (chapter 5).Adsorption of viruses to the
surface of cells is generally thought to occur by interaction of the virus and a specific
receptor, and this has been demonstrated for several virus species. However,
negatively charged liposomes have also been shown to enter cells by adsorptive
endocytosis, suggesting that specific receptor interaction may not be necessary (238).
Alternative to adsorptive endocytosis to enter cells, it is possible that baculoviruses may
utilize fluid endocytosis, one ofthe uptake mechanisms for low molecular weight solutes
and soluble macromolecules such as enzymes, hormones, and antibodies (228), or a
combination of adsorptive and fluid endocytosis. It may however not seem beneficial
that a virus would depend on a non-specific interaction such as fluid endocytosis for
entry into its host cell.
Inanother study (262), GP64 was found to be resistant to functional inactivation
by proteolysis. Protease treatments with proteinase Kand trypsin each resulted in a 35
kD soluble GP64 fragment, and 36 and 37 kD fragments of GP64 that were retained
with the BV, and the AcV1 epitope was lost by this protease treament. The fragments
retaining with the BV also appeared to be more sensitive to B-mercaptoethanol,
however the protease-treated BV proved as infectious as control BV containing the full
length GP64.Assumingthat inthiscase,GP64 inthe viral envelope was effectively and
quantitatively cleaved, and that consequently the fragments retained with the BV
represent one side of the GP64 molecule only, this would imply that the necessary,
biologically relevant domains of GP64 for entry are located in the 36 and 37 kD
fragments retained with the BV. Itmay however seem unlikely that ~ half of the GP64
molecule would be dispensable for its functions within the baculovirus infection cycle.
DNA and amino acid sequences, and predicted domains of GP64. Molecular
aspects of GP64 were first addressed, when the coding sequences for OpMNPV and
AcMNPV GP64 were cloned after locatingthe genes by using GP64-specific antibodies
to screen a lambda gt11 expression library (9) and (273). Subsequent sequence
analyses revealed ORFs with 1527and 1539 nt respectively for OpMNPV and AcMNPV,
predicting a protein with a molecular weight of ~58. (The difference between predicted
and observed molecular mass is mostly due to glycosylation.) A high degree of
nucleotide (74%) and amino acid (78%) identity was observed between these two
GP64s. Translated ORFs contained 7 and 5 potential N-linked glyosylation sites, for
OpMNPV and AcMNPV GP64 respectively. The GP64 promoter region contained early
as well as late transcription consensus motifs, and primer extension analyses showed
transcription initiation at the early (CAGT) as well as two out of the four late (ATAAG)
consensus motifs. Western blot analysis and immunofluorescence microscopy of
infected cells demonstrated that GP64 was expressed in both early and late stages of
the infection cycle,andwas present asdiffuse patches inthe cytoplasm or atthe plasma
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FIG. 4. Features of AcMNPV GP64. Various domains, antibody epitopes, and hydrophobicity
profile of AcMNPV GP64 are shown: N (N-terminus), C (C-terminus), SP (signal peptide), TM
(transmembrane domain), CTD (cytoplasmic tail domain), leu zipper (heptad repeat of leucines, predicting
an amphipathic alpha-helix), AcV5 (linear epitope of Monoclonal antibody [MAb] AcV5), B12D5 (linear
epitope of MAb B12D5), F (domain involved in fusion), Tr (domain involved in trimerization), Y (consensus
N-linkedglycosylation sites). Indicatedfusion and oligomerization domains are the corresponding locations
in AcMNPV GP64 to those mapped in the OpMNPV GP64 protein (171). Vertical arrows indicate the
locations of cysteine residues.The hydrophobicity profile isbased on Kyte and Doolittle (142); The vertical
axis indicates Kyte-Doolittle hydrophobicity values (+ hydrophobic; - hydrophilic) and numbers on the
horizontal axis represent GP64 amino acid numbers. Forthecomplete 512 amino acid primary sequence of
AcMNPV GP64, see Fig. 3, chapter 6. (Insert) Classification of integral membrane proteins adapted from
Von Heijne and Gavel (267). Mature GP64 is atype 1 membrane glycoprotein, with a large N-terminal
ectodomain, membrane anchoring domain (TM), and aC-terminal cytoplasmic domain. The site where the
signal peptide iscleaved is indicated byanarrow.

membrane (9). Hydrophobicity profiles (142) predicted that GP64's topology resembled
that of a type 1transmembrane protein (Fig.4): A signal peptide preceding a large Nterminal ectodomain and a membrane anchoring (transmembrane, TM) domain at the
C-terminus followed by a short cytoplasmic tail domain (CTD).A TM domain of atype I
membrane envelope protein is generally defined as a highly hydrophobic domain near
the C-terminus, and there are no consensus sequences known that indicate beginning
orend of a TM domain. Based on hydrophobicity alone, residues Ieu480 to phe483 may
represent the N-terminal end of the AcMNPV GP64 TM domain. The first charged
residue beyond the hydrophobic domain, arg506, may represent the C-terminal
boundary and start ofthe cytoplasmic tail domain (CTD).Withthe above considerations,
the TM domain was predicted to be 23 amino acids long, while the CTD domain was

predicted to be only 7 amino acids long, of which several residues are positively
charged. Dueto its predicted cytoplasmic location, itwas speculatedthat this CTD might
be involved invirion assembly (273).A non-protein modification of GP64that might alter
the hydrophobicity ofthe TM domain was reported (207). Palmitic acid was found to be
the fatty acid responsible for a detected acylation of GP64, and two candidate amino
acid residues were selected (ser482 and cys503) for this modification. Based on the
characteristics of chemical release, it was proposed that this modification most likely
occurs post-translationally through a thio-ester linkage at ser482. Suggested functions
and location of acylation of GP64 are addressed inthe general discussion.
GP64mediates low pH-dependent membrane fusion. Enveloped viruses (such
as Influenza and VSV) that enter their host cells by receptor-mediated endocytosis,
possess surface glycoproteins which (after endocytosis) fusethe viral envelope with the
membrane of the endocytic vesicle upon exposure to low pH (see section 'GP64 and
entry ofthe host cell'). Entry of baculovirus BV resembled that of the enveloped viruses
mentioned above ((261), see earlier), and GP64was implied inthe entry process
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FIG. 5. Low pH-induced membrane fusion assay and model for fusion pore formation (from
Blissard (5)). On the left: Infected or transfected Sf9 cells which express GP64, are incubated with pH 5
mediumfor 5 min. After 5 min, the pH 5 medium is replaced with TNM-FH and cells arefurther incubated.
The exposure to low pH triggers GP64 to induce fusion between adjacent membranes, resulting in the
formation of multi-nucleated syncytia. The low pH-triggered membrane fusion assay can serve as an
indicator for the capacity of a particular envelope protein to fuse viral and cellular membranes in the
endosome during viral entry by endocytosis. On the right: Before NCs can enter the cytosol, viral and
endosomal membrane must fuse,andform apore (or pores) wide enoughto allow passage of the NC. In BV
entry, membrane fusion is mediated by GP64. Inthe ODV, aviral protein mediating membrane fusion has
not yet been identified. A hypothetical model for fusion pore formation shows that opposing membranes
must first be docked or held inclose 'apposition'. Subsequent steps include amerging of outer membrane
leaflets (membrane mixing), a merging of inner membrane leaflets (pore formation), followed by pore
enlargement. Small arrows indicate the steps that are presumably catalyzed by viral membrane fusion
proteins.Astep atwhich lysolipids are ableto inhibit membrane fusion isalsoindicated.

because AcV1, a MAb that was known to immunoprecipitate a protein of 64 kD,
neutralized BV infectivity at an entry step beyond binding (see earlier). Moreover,
GP64's hydrophobicity profile resembled that of type 1 membrane proteins such as
Influenza HA. Blissard and Wenz (10) examined the capacity of OpMNPV GP64 to
mediate low pH-triggered membrane fusion by syncytium formation assays. Ability to
fuse plasma membranes inthis assay generally serves as an indicator ofthe capacity to
fuse viral and cellular membranes inthe endosome during viral entry. When expressed
alone in Lymantria dispar(Ld) cells (i.e. in the absence of viral infection), and exposed
to low pH medium, OpMNPV GP64 was capable of inducing membrane fusion, with
formation of multi-nucleated syncytia (Fig. 5).This suggested that one function of GP64
was to induce membrane fusion during entry, presumably to release the NC into the
cytosol. A drop in pH from 6.2 (physiological) to < 5.5 was necessary to induce
membrane fusion, and as little as 5 seconds exposure to low pH was sufficient for this
induction. Several studies showedthat the neutralization of AcMNPV by MAb AcV1 was
likely the result of inhibition of fusion between the viral and endosomal membrane:
Lysis of red blood cells by AcMNPV BV at low pH was inhibited by pre-incubating BV
with AcV1 (261), and Sf9 cells pre-incubated with AcV1, no longer formed syncytia
when exposedto low pH (25). InOpMNPV GP64 adomain was identified,involved in or
responsible for the low pH-dependent membrane fusion, by examining the effect of
single or multiple amino acid substitutions in predicted hydrophobic domains on low
pH-triggered membrane fusion (171). The identified domain was one of two small,
locally hydrophobic domains of GP64 (termed Iand II;Fig.4)that are present in addition
to the signal peptide and TM domain. Nonconservative substitutions of amino acids
Ieu226 or Ieu227, which represent the core of hydrophobic domain I(amino acids 223
to 228), completely abolished fusion while the stability and surface expression of GP64
were unaffected. Hydrophobic region II was also examined in that study. Region II
shows characteristics typical of a leucine zipper, a structure with heptad repeats of
leucine, predicted to be an amphipathic alpha helix with local hydrophobicity along one
face of the helix. When multiple leucines of the heptad repeats were replaced with
alanines or prolines (helix destabilizing), GP64 no longer oligomerized, indicating that
this region is required for oligomerization. Inthe same study, the epitope for MAb AcV5
was mappedto 9 amino acids (431to 439) within GP64.
Evolution of GP64: A remarkable homology between GP64 and an
orthomyxovirus glycoprotein. Thogoto (THO) and Dhori (DHO) viruses are ticktransmitted viruses that replicate in both ticks and mammals. Both are classified as
THO-like viruses within the Orthomyxoviridae, based on several morphological and
biochemical similarities, while displaying biological properties divergent from other
orthomyxoviruses (26). When the sequence of RNA segment 4 of THO virus was
determined (173), a protein of 512 amino acids was predicted, with a type 1 membrane
topology. The THO envelope glycoprotein (THO env) has extensive homology with the
previously published putative envelope glycoprotein of the DHO virus (54), but did not
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display significant homology with any of the envelope glycoproteins of other
orthomyxoviruses. Instead a remarkable homology was found between the
glycoproteins of THO and DHO virus and baculovirus GP64 (173). Overall amino acid
identity was between 28 and 33%, and clusters of strong homology were present.
Hydrophobicity profiles were strikingly similar, and some glycosylation sites as well as
most cysteines were conserved between DHO/THO env, and GP64 from AcMNPV and
OpMNPV, indicative of a significant conservation. Upon characterization of THO viral
proteins, Portela (201) found a membrane associated glycoprotein with a molecular
mass of 75, which likely represents the glycoprotein predicted by Morse (173). In
addition, the THO virus showed low pH-induced membrane fusion, hemagglutination,
and hemolytic activity with a pH optimum of 6, when infecting mammalian cells, grown
at pH7.The75 kD protein (THO env) was implicated in these functions because MAbs
against this protein inhibited these activities.
We haveclonedtheTHO env coding sequence into an insect and a mammalian
expression vector and performed transient analysis in insect cells (Ld652Y; at
physiological pH, 6.2) as well as several mammalian cell lines (NIH3T3, BHK, and
COS; at physiological pH 7). When exposed to low pH, only minimal syncytium
formation could be detected in Ldcells, and none in NIH3T3, or BHK cells. However, in
COS cells, expression of THO env alone was sufficient for robust, low pH-induced
syncytiaformation (Oomens, unpublished data). Together these data indicate that THO
env and baculovirus GP64 are structurally and functionally similar. Evolutionary
implications are discussed inthe general discussion.

Scope of the thesis
The aim ofthisthesis isto lay out my experimental contribution to understanding
GP64 structure and function in the baculovirus life cycle, and to put this contribution in
the perspective of the processes of exit and entry of enveloped viruses in general.
Previous literature reports (see 'A history of GP64 literature preceding the thesis')
suggested that GP64 might be involved in two important events in the baculovirus life
cycle: BV entry into, and exit from the host cell. One function was demonstrated when
GP64 was shown to induce plasma membrane fusion when expressed alone in insect
cells, and thus likely to be the protein responsible for fusion between the viral and
endosomal membrane upon entry by endocytosis (10). However, direct roles in other
aspects of exit or entry of the baculovirus BV phenotype were suspected but never
demonstrated. The research presented in this thesis contributes to elucidating the role
of GP64 invirus exit,viraltransmission, andvirus entry.
First I conducted some basic experiments addressing temporal expression,
oligomerization, and carbohydrate processing of GP64, as well as certain structural
features of GP64 from the baculovirus OpMNPV (chapter 2). Next, the role of GP64 in
the infection cycle was addressed by examining AcMNPV infectivity in the complete
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absence of GP64. This was accomplished by deleting the gene from the viral genome
andthe generation of agp64null virus,which was complicated bythe fact that the GP64
turned out to be an essential baculovirus protein. An important function of GP64 was
revealed bythis gp64null virus:Without GP64,thevirus was unable to transmit infection
from cell-to-cell incell culture aswell as in insect larvae. Whether this effect was due to
decreased virus budding or whether the absence of GP64 resulted in defective virions,
wasthe next question addressed (chapter 4).When itwas shownthat this defect in viral
transmission was caused primarily by a reduction in virus budding in the absence of
GP64, the focus shifted towards the CTD of GP64. The CTD is predicted to be in a
position to interact with cytoplasmic viral and/or cellular factors and hence a logical
target for BV exit/assembly studies. Recombinant viruses carrying deletions or
modifications in the CTD and/or portions of the TM domain were generated and
examined for their role in virus budding (chapter 4). Switching direction, the role of
GP64 in BV entry into host cells was addressed in chapter 5. Data of those studies
suggest that AcMNPV GP64 is a host cell receptor binding protein, and demonstrate
half-times of AcMNPV entry, and release from endosomes. In the last experimental
chapter (chapter 6) we mapped the GP64 homolog in baculovirus Anticarsia
gemmatalis Multicapsid Nucleopolyhedrovirus (AgMNPV). This virus is extensively
utilized in the protection of soybean crop in Brazil, and demonstrates well the
baculovirus potential for insect pest control. To examine the relatedness of AgMNPV to
other NPVs,a genomic region of AgMNPV, containing the gp64 gene and 18 additional
ORFs, was analyzed and compared to the corresponding regions in other
baculoviruses. Finally, because virus budding is a poorly understood area of
baculovirology, the general discussion includes a review of selected literature
regarding the role of viral spike proteins in exit of enveloped viruses from host cells.A
few additional GP64 research areas are also included in the discussion. These are not
orto a lesser degree addressed experimentally inthis thesis, but are touched upon with
the aim of complementing the experimental contribution towards our understanding of
GP64 structure and function. The discussion is concluded with a note on current and
future avenues of GP64 research.
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Chapter 2
Thebaculovirus GP64envelope fusion protein:
Synthesis,oligomerization, and processing
Abstract
The baculovirus GP64 envelope fusion protein (GP64 EFP) is a class I integral membrane
protein that enters the secretory pathway, and is oligomerizedand extensively processed during
transport to the plasma membrane. The kinetics of GP64 EFP biosynthesis, oligomerization and
processing in OpMNPV-infected Lymantriadispar cells, were examined by pulse label, pulsechase, and immunoprecipitation experiments. Relative rates of GP64 EFP synthesis in OpMNPV
infected L disparcellswereexamined at various times throughout the infection cycle. Using pulse
labeling and immunoprecipitation, GP64 EFP synthesis was detected within 2 hr p.i., and the
maximal rate of synthesis was observed inthe period of 24-26 hr p.i., a time coincident with the
onset of high level production of budded virus in OpMNPV-infected L dispar cells. To determine
theoligomericstructureofGP64EFP, a soluble form of Orgyia pseudotsugata Multicapsid Nuclear
Polyhedrosis virus (OpMNPV) GP64 EFPwas produced, and examined by a combination of gel
filtrationchromatography, non-reducing SDS-PAGE,andmassspectrometry. Oligomeric GP64 EFP
was identified as a trimeric molecule, that migrates as 2 discrete bands on non-reducing SDSPAGE. Pulse-chase studies,performedat bothearly (12 hr p.i.) and late (36 hr p.i.) stages of the
infection cycle, showed that GP64 EFP oligomerization is complete within 15 min after synthesis.
Efficiency of oligomerization however was relatively low, with less than 28% of the synthesized
GP64 EFP converted to trimers. The majority of monomelic GP64 EFP remaining in the cell
appeared to be degraded within 30 to 45 min after synthesis. Analysis of the kinetics of
carbohydrate processingatearly (12 hr p.i.) and late (36 hr p.i.) times post infection showed that
for both early and late phases of infection, carbohydrate was rapidly added, and processing
began within 10 to 20 min after GP64 EFP synthesis. Although carbohydrate processing was
completedwithin - 90minafter synthesis duringtheearly phase,thesame process required - 150
minduring the late phase. Thus, carbohydrate processing appeared to become less efficient as
infection progressed. These studies thus show that GP64 EFP undergoes a rapid but inefficient
oligomerization step that results in a homo-trimeric structure for GP64 EFP. While carbohydrate
addition israpid,carbohydrate processing requires prolonged periods of time (with half-times of 45
to75 min) andappearstobecome lessefficient duringthelatephaseoftheinfection.

Thischapterhasbeenpublishedas:
Oomens,A.G.P.,S.A.Monsma,andG.W.Blissard(1995).The Baculovirus GP64envelope fusion protein:
Synthesis,oligomerization,andprocessing. Virology209,592-603
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Introduction
The Baculoviridae are afamily of enveloped animal viruses that are pathogenic
to invertebrates, primarily insects in the order Lepidoptera. Baculoviruses have large
circular double-stranded DNA genomes ranging from approximately 80 to 180 kbp.
Transcription, replication, and nucleocapsid assembly take place in the nuclei of
infected cells. Baculoviruses are characterized by an infection cycle that produces two
virion phenotypes that are structurally and functionally distinct (7, 265). The first virion
phenotype produced in the infection cycle is the budded virus (BV). Production of the
BV begins when nucleocapsids bud through the plasma membrane into the
extracellular space. BV is responsible for the systemic infection of insect cells and
tissues invivo,andis highly infectious in cell culture systems. Production of the second
virion phenotype,the occlusion-derived virus (ODV), occurs inthe very late phase of the
infection cycle when nucleocapsids become enveloped within the nucleus. The process
of ODV envelopment is not well characterized, and is followed by occlusion of ODV
virions within proteinaceous occlusion bodies (termed polyhedra in the nuclear
polyhedrosis viruses, and granules in granulosis viruses). Although BV and ODV
appear to be identical in nucleocapsid structure, they differ in the sources of their
envelopes. This difference results in differences in biochemical compositions (14), and
correlates with observed differences in relative infectivities for different tissues within the
insect and intissue culture (128,265).
Infectivity of BV is dependent on a major BV-specific envelope glycoprotein
known as the GP64 Envelope Fusion Protein (GP64 EFP). Some monoclonal
antibodies and polyclonal antisera directed against the GP64 EFP are capable of
neutralizing infectivity (97, 171, 206, 264). Transcription of the gp64 efp gene is
regulated by both early and late promoters, which results in the appearance of GP64
EFP in infected cells at both early and late times post infection. This temporal pattern of
gp64 efptranscriptional expression has been demonstrated in both OpMNPV (8, 9, 13)
and Autographa californica multicapsid nuclear polyhedrosis virus (AcMNPV) (112,
273). Similarities in regulatory sequence arrangements between the gp64 efpgenes of
OpMNPV, AcMNPV and Choristoneura fumiferana multicapsid nuclear polyhedrosis
virus (CfMNPV) suggest that transcriptional regulation is similar in these three
baculoviruses (9, 112,273). Regulation of early transcription has been studied in detail
for the OpMNPV gp64 efpgene (8-10, 132, 133). After viral DNA replication and late
gene expression, nucleocapsids assemble in the nucleus. Nucleocapsids then migrate
through the cytoplasm, and bud through the plasma membrane at sites where GP64
EFPappearsto beconcentrated (264).A number of biochemical properties of the GP64
EFP protein ofAcMNPV have been described:GP64 EFP isa phosphorylated, acylated,
and glycosylated homo-oligomer with subunits that are covalently linked by disulfide
bonds (207, 260, 264). The OpMNPV, AcMNPV and CfMNPV GP64 EFP's have very
similar hydrophobicity profiles, and show an high degree of amino acid sequence
similarity (9,93) withthe predicted ectodomains showing at least 82%identity across all
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three baculovirus GP64 EFP proteins. The OpMNPV and CfMNPV proteins have 7
potential sitesfor N-linkedglycosylation,whereas AcMNPV has 5.The locations of the 5
potential glycosylation sites in AcMNPV are conserved in both OpMNPV and CfMNPV
(9,93,273). Recent studies oftheAcMNPV GP64EFPshowthatat least some of the Nlinked glycosylation sites contain carbohydrates that are Endo H resistant (112) and
thus may be processed into complex sugars.
Previous studies utilizing a neutralizing monoclonal antibody (MAb), AcV1, and
the lipophilic amine chloroquine, showed that GP64 EFP is required for viral entry by
endocytosis (97, 261). Later, it was demonstrated that GP64 EFP expressed on the
surface of uninfected cells is sufficient to mediate membrane fusion in a pH dependent
manner (10). These studies showed that GP64 EFP is necessary and sufficient for low
pH activated membrane fusion activity, consistent with the role of GP64 EFP in viral
entry through the low pH environment of the endosome. Recent studies of GP64 EFP
mediated membrane fusion have identified a hydrophobic 'fusion domain' which is
requiredfor pH-dependent membrane fusion activity (171).
Although the kinetics of folding, oligomerization, and transport have been
characterized for a diverse group of animal and viral membrane proteins (43), little is
known about similar kinetics of baculovirus membrane proteins. Here,we report a study
ofthe kinetics of production, oligomerization and processing of OpMNPV GP64 EFP in
infected L. dispar cells. Because GP64 EFP is a highly processed viral protein that
enters the secretory pathway, studies of the kinetics of GP64 EFP biosynthesis,
oligomerization, and processing will aid our understanding of baculovirus infection
mechanisms, and may also yield insights into the use of recombinant baculoviruses to
express secreted or membrane proteins that are highly processed.

Materials and methods
Anti-GP64 EFPpolyclonal antiserum.To generate a polyclonal antiserum (PAs)
directed against the GP64 EFP,we cloned the OpMNPV gp64 efpopen reading frame
inthe pMalcRI plasmid vector (New England Biolabs), and expressed GP64 EFP as a
protein fusion in E.coll.For cloning, pMalcRI was digested with Hind\\\,repaired with
Klenow polymerase,then digested with Psft. A 1685 bp Pst\-Sma\ fragment (containing
the gp64 efp gene) was excised from plasmid p64-166 (10), and ligated into the
pMalcRI vector. The resulting plasmid, pMalcR1-EFP, encodes a protein fusion
consisting of amino acids 1-384 of the E. coll maltose binding protein (MBP) fused to
amino acids 45-509 of OpMNPV GP64 EFP. This resulted in a protein of 857 amino
acids with a predicted size of approximately 92 kDa. E. coll expressing the MBP-EFP
protein were sonicated, then centrifuged for 20 min at 1500 x g.The MBP-EFP protein
was purified from the supernatant by affinity chromatography on amylose columns,
followed by size fractionation on preparative 6% SDS-PAGE, and electroelution from
gel purified bands. The MBP-EFP protein was concentrated in Centricon-30 micro17

concentrators (Amicon, Inc.) and used for injections into a Flemish Giant/Chinchilla
rabbit. Priorto use,anti-GP64 EFP PAswas preadsorbed with an MBP extract prepared
from E. coli cells. To prepare the MBP extract, E. coli cells expressing MBP were
sonicated, cleared bycentrifugation (20 minat 1500xg), and supematants were stored
at -20°C. The anti-GP64 EFP PAs was preadsorbed by adding 5 JLLI MBP extract
(approximately 3 mgMBP/mlextract) to 250 ^l of a 1:100 dilution of the anti-GP64 EFP
PAs,andincubating at4°Cfor 1hr, followed by ultra centrifugation at 84,000 x g for 30
minto remove insoluble complexes.
Cell culture, infections, and virus purification. L dispar cells (IPLB-LD-652Y)
were propagated inTNM-FH medium (95) and infected with OpMNPV at a multiplicity of
infection (m.o.i.) of 20.The time defined as 0 hr p.i. corresponds to the timepoint at the
end of a 1hrviral absorption period.Mock-infected cells were treated similar to infected
cells but novirus was added. BVvirions were collected at 7 days post infection from the
medium of cells infected at a low m.o.i. (0.01). Debris were removed by low speed
centrifugation at 3000 x g for 1 hr, and BV virions were purified by sucrose density
gradient centrifugation (177).
Metabolic labeling and immunoprecipitation. An EXPRESS protein labeling mix
(containing 72% L-35S-methionine and small amounts of L-35S-cysteine; DuPont NEN)
was used for metabolic labeling of protein. Prior to labeling, L. disparcells (5x105 per
well in a 24 well plate) were starved by incubation in Graces without methionine
(Graces™1) for 30 min (pulse labeling experiments) or 60 min (pulse-chase
experiments), then labeled by incubation in Graces"™' supplemented with EXPRESS
protein labeling mix, at afinal concentration of 75 ju.Ci(pulse label experiments) or 100
|j.Ci (pulse-chase experiments) of EXPRESS per 250 \i\ labeling medium. For
immunoprecipitation of GP64 EFP, pulse labeled L. dispar cells (5x105 cells) were
lysed in 300 u.l RIPA buffer (150 mM NaCI, 1% NP-40, 0.5% deoxycholic acid,0.1%
SDS, and 50 mM Tris, pH 8) for 1 hr at 4°C with agitation. Insoluble material was
clearedfrom the lysate bycentrifugation for 10minat 16,000 x g ,followed by a 30 min
centrifugation at 84,000 x g at 4°C. To 250 |il of the cleared supernatant, 250 u.l of
preadsorbed anti-GP64 EFP PAs (1:100 in RIPA buffer) was added and incubated for
40 min at 4°C. Insoluble proteinA (StaphA, in40 mMsodium phosphate buffer, pH 7.2)
was added (25\i\ 1250\i\lysate), and incubated at 4°C for 45 min with agitation. The
StaphA complexes were then pelleted, washed 3x in 0.7 ml RIPA buffer, and boiled in
disruption buffer. For electrophoresis under non-reducing conditions (6%
polyacrylamide) the disruption buffer contained 8% SDS, 37.5 mM iodoacetamide (IA),
and no B-mercaptoethanol. For electrophoresis under reducing conditions (9%
polyacrylamide) the disruption buffer contained 2% SDS and 5% B-mercaptoethanol.
OligomericstructureofGP64EFP.Forstudies oftheoligomeric structure of GP64
EFP, a soluble form of OpMNPV GP64 EFP (GP64 EFP50') was prepared and purified.
Full details of expression vector construction and GP64 EFP80' purification will be
published elsewhere (87). Briefly, a recombinant virus expressing GP64 EFP80' was
constructed asfollows.Astop codon was engineered into the OpMNPV gp64 efp gene
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in plasmid p64-166 (10), immediately upstream of the predicted transmembrane
domain. The Tyr478 codon (TAC) was converted to TGA using the long-primer unique
site elimination protocol (171, 203) to create plasmid p64-166STOP. Next, aBglU
restriction site wascreated 10nt upstream ofthetranslation initiation codon of the gp64
e/pgene in plasmid p64-166STOP, to create plasmid p64-166BglATG-STOP. To place
the gp64 EFP501gene under control of the polyhedrin promoter, the 1820bp Bgl\\-BamH\
restriction fragment of plasmid p64-166BglATG-STOP was ligated intothe Ba/nHI site of
tr EFPSQ| nsfer vector pAcDZI (177, 295) to create transfer plasmid pAc-OpEFPso1. A
recombinant AcMNPV virus was then generated by standard methods (177) using
linearized AcMNPV viral genomic DNA (BacPak6, Clontech Inc.). A recombinant virus
(EFPSQ|C2) was purified bythree rounds of cloning by end point dilution.
GP64 EFPso1was expressed and purified from supernatants of EFPS0|C2 infected
BTI-Tn-5B1-4 cells (75), grown in spinner cultures. Cells were grown in serum-free
Excell 405 liquid medium (JRH Bioscience) at 27°C to a density of 1x106 cells/ml, then
infectedatm.o.i. 10. Infected cells were maintained at 27°C, and media was harvested
at 48 hrp.L GP64 EFPSD|was purifiedfromthe media byacombination of lectin-binding,
anion-exchange, hydrophobic interaction, and gel filtration chromatography. Purity as
assessed on silver-stained SDS-PAGE gels typically exceeded95%.
For analysis ofthe oligomeric structure of GP64 EFPSQ|, purified GP64 EFPso1was
examined by both gel filtration and mass spectrometry. For gel filtration, purified GP64
EFPso1 was loaded onto a 70 cm x 1.6 cm Sephacryl S400-HR column (Pharmacia)
equilibrated with 200 mM NaCI, 20 mM Sodium phosphate, 0.02% azide (pH 7.0) and
runataflow rateof 20 ml/hr. For molecular weight estimates, the following gel filtration
standards were used to calibrate the column: Carbonic anhydrase (29 kDa), albumin
(66 kDa), alcohol dehydrogenase (150 kDa), (3-amylase (200 kDa), apoferritin (443
kDa), and blue dextran (2000 kDa). The protein concentration was monitored by
spectrophotometry (UV-absorption at 280 nm). Column fractions of 3 ml each were
collected, and aliquots were denatured in non-reducing lysis buffer and examined on
6% SDS-PAGE gels by Coomassie blue staining. Molecular weight markers, run in
parallel on the non-reducing SDS-PAGE gels, included myosin (200 kDa), 13galactosidase (116.25 kDa), and phosphorylase b (97.4 kDa). Although bovine serum
albumin (BSA, 66 kDa) was also run, BSA contains disulfide bonds and therefore was
not utilized for calculations of molecular weight under non-reducing conditions. For
mass spectrometry, the three peak fractions from the gel filtration indicated in Fig. 3B
were pooled, dialyzed to distilled H2O, and concentrated. The sample (approximately
20 pmol) was prepared in sinnapinic acid and analyzed on a Finnegan-Matt matrixassisted laser desorption/ionization time offlight (MALDI-TOF) mass spectrometer at the
Cornell Biotechnology service facility, using BSA (66,431 MW) forcalibration.
Analysis of carbohydrate processing. For studies of N-linked glycosylation,
addition of N-linked carbohydrates was inhibited by adding tunicamycin (TM,
Boehringer) to the medium to a final concentration of 10 ng/ml. TM containing medium
was added to cells 1 hr prior to pulse labeling and was maintained throughout the
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experiment. For endoglycosidase treatments, immunoprecipitated 35 S-labeled GP64
EFP samples werefirst boiledfor 4 min inthe presence of 0.5% SDSandthen for 4 min
inthe presence of 0.75% n-octylglucoside and 0.1% SDS. For each immunoprecipitate
(from4x10 5 cells), 0.5 units of endoglycosidase F/N-glycanase F(endo F, Boehringer)
or 10milliunits of endoglycosidase H (endo H, Boehringer) were added and incubated
for 24 hrat 37°C.After endoglycosidase treatments, samples were mixed with an equal
volume of 2x disruption buffer (0.25 MTris, pH 6.8; 4% SDS; 20% glycerol; 0.002%
bromophenol blue; 10% R-mercaptoethanol), boiled for 5 min, and run on a 9 or 10%
SDS-polyacrylamide gel.
Analysis ofimmunoprecipitated GP64EFP.For analysis of GP64 EFP labeling,
SDS-PAGE gels were fixed in 25% isopropanol, 10% acetic acid for 30 min, then
treated with a fluorographic reagent (Amplify, Amersham) for 30 min before drying
under vacuum. Dried gels were used to expose both x-ray film and phosphorimager
screens. For phosphorimager analysis, screens were exposed for times ranging from
0.5 -3days and scanned ona Molecular Dynamics phosphorimager. Analysis of SDSPAGE images and quantification of individual bands were performed with the
Imagequant software package (Molecular Dynamics, Inc.).

Results
Anti-GP64 EFP antiserum. To examine the relative rates of synthesis and the
kinetics of oligomerization and processing of GP64 EFP in OpMNPV infected L.dispar
cells, we generated a PAs specific for GP64 EFP. Preliminary studies showed that the
available MAbs to GP64 EFPvaried in cross-reactivity and their capacities to recognize
native and denatured forms of the protein. To generate a PAs with broad specificity for
GP64 EFP,aproteinfusionof MBPandGP64 EFP,MBP-EFP,was expressed in E. coli,
purified, and used to produce rabbit anti-GP64 EFP antibodies. Specificity of the antiGP64 EFP PAs was examined by Western blot analysis and immunoprecipitation of
GP64 EFPfromOpMNPV infected L. disparcells and purified OpMNPV BV (Fig. 1).On
Western blotstreated with pre-immune serum,noproteins of 64 kDawere detected from
BV, infected cells, or uninfected cells, although two minor cross-reacting proteins of
lower molecular weight were detected in infected cells (Fig. 1,lane 1). In Western blots
treated with the anti-GP64 EFP PAs, a 64 kDa protein corresponding to the 64 kDa
GP64 EFP was detected in infected cells and from purified BV (Fig. 1,lanes 4 and 5).
The identity of the reactive band was confirmed on parallel blots using the wellcharacterized anti-GP64 EFP MAb,AcV5 (9, 97) (data not shown). The anti-GP64 EFP
PAs was also used to immunoprecipitate native GP64 EFP. Uninfected and infected L.
disparcells were metabolically labeled with 35S-methionine for 14 hours, and proteins
were immunoprecipitated with either the anti-GP64 EFP PAs or pre-immune serum. A
64 kDa protein was immunoprecipitated from infected L.dispar cells (Fig. 1, lane 11),
but notfrom uninfected cells orwhen pre-immune serum was used (Fig. 1,lanes 8 and
20
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FIG. 1. Specificity of the anti-GP64 EFP polyclonal antiserum. An anti-GP64 EFP polyclonal
antiserum (anti-GP64) was generated from a MBP-EFP fusion expressed in E. coli (see Materials and
Methods). Specificity of the anti-GP64 EFP PAs was examined by Western blot analysis (panel A) and
immunoprecipitation (panel B). (A) Western blot analysis of protein from uninfected and infected L dispar
cells, and purified budded virions (BV). Sources of proteins are indicated immediately above each lane. The
left panel (lanes 1 to 3) shows reactivity of pre-immune serum (pre-lmm.) and the right panel (lanes 4 to 6)
shows reactivity of anti-GP64 EFP polyclonal antiserum (anti-GP64). The location of GP64 EFP, as
determined by incubation of similar blots with monoclonal antibody AcV5, is indicated by an arrowhead on
the left of each blot. (B) Immunoprecipitation analysis of anti-GP64 EFPantiserum. Uninfected and infected
L. disparcells were metabolically labeledwith 35S-methionine for 14hr,then lysed and immunoprecipitated
with either anti-GP64 EFP polyclonal antiserum (anti-GP64; lanes 8 and 11), pre-immune serum (pre-lmm.;
lanes7and 10),or with noserum (Staph A; lanes 9 and 12). Infected cells were prepared at 40 hr p.i. The
location of GP64 EFP is indicated by an arrowhead on the left. The positions and sizes of marker proteins
(M) are indicate onthe right.

10, respectively). Because the anti-GP64 EFP PAs reacted with denatured and reduced
forms of GP64 EFP on Western blots, and also immunoprecipitated non-denatured
GP64 EFPfrom infected cells, these data indicate that the anti-GP64 EFP PAs has a
broadspecificity for both native and denatured forms oftheprotein.
GP64EFPsynthesis early and late in infection. To examine the relative rate of
GP64 EFP synthesis during various periods of the infection cycle, L. dispar cells were
infected at an m.o.i. of 20,then metabolically labeledwith 35Sfor 2-hr periods between 0
and 120 hr p.i. At the end of each 2-hr labeling period, GP64 EFP was
immunoprecipitated from cell lysates with anti-GP64 EFP PAs (Fig.2). GP64 EFP was
21

detected at a relatively low level during the first time period examined (Fig. 2A, 0-2 hr
p.i.), indicating either a low level of synthesis over the entire 2 hr period or the onset of
synthesis within this period. However, by 6 hr p.i., GP64 EFP synthesis had increased
dramatically, as evidenced by a more than 6-fold increase in the quantity of GP64 EFP
detected during that period (Fig.2A, 2B; 0-2 vs. 6-8 hr p.i.). Peak rates of early phase
expression were observed inthe periods of 12-14 and 18-20 hr p.i.. The highest overall
rate of synthesis was detected in the 24-26 hr p.i. period, a time immediately after late
transcription of the GP64 EFP begins (9). The rate of GP64 EFP synthesis decreased
gradually between 36 and 72 hr p.i. and low but detectable GP64 EFP synthesis was

L a b e l i n g P e r i o d (hr p.i.)
CM
CM
u
O CM

E 6

" * O C O C O O < N « 3 - C O T -

! - C M C M 0 9 l O < O r - O > , L
i
i
i
i
•
i
i
i
o
CMOO^t-CDOOOCMtOCM

en
•

I O i - i - N B ^ I O S » r

GP64 EFP

Very late

0-"?-r . . . .
JC CM «P V

O (D

" i to rr <N N

LabelingPeriod(hr p.i.)
FIG. 2. Relative rate of GP64 EFP synthesis in infected L. dispar cells. (A) L. dispar cells were
infected with OpMNPV at an m.o.i. of 20, and metabolically labeled with 35 S-methionine for 2-hr periods
(indicated above the lanes) between 0 and 122 hr p.i. At the end of each 2-hr labeling period, GP64 EFP
was immunoprecipitated, denatured in the presence of 6-mercaptoethanol and electrophoresed on a 9%
SDS-PAGE gel.Acontrol immunoprecipitationfrom uninfected 2-hr pulse labeled cells is shown in the first
lane (mock).The location of GP64 EFP is indicated bya bar on the left of the panel. Closed circles indicate
the different size classes of immunoprecipitated GP64 EFP. (B) Quantitative analysis of
immunoprecipitated GP64 EFP. Relative band intensities, as measured by phosphorimager analysis
(Molecular Dynamics, Inc)are indicated asapercentage of the maximal rate of GP64 EFP synthesis (Y-axis)
and are plotted as afunction of the 2-hr labeling periods (X-axis). Early, late, and very late phases of the
infection cycle are indicated above the graph.
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