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The ability to display heterologous proteins and pep-
tides on the surface of different types of bacteriophage
has proven extremely useful in protein structure/func-
tion studies. To display such proteins in a eucaryotic
environment, we have produced a vector allowing for
fusion of proteins to the amino-terminus of the Auto-
grapha californica nuclear polyhedrosis virus
(AcNPV) major envelope glycoprotein, gp64. Such fu-
sion proteins incorporate into the baculoviral virion
and display the FLAG epitope tag. We have further
produced recombinant baculoviruses displaying the
green fluorescent protein (GFP) and the rubella virus
envelope proteins, E1 and E2. The incorporation of the
GFPgp64, E1gp64, and E2gp64 fusion proteins into the
baculovirus particle was demonstrated by western
blot analysis of purified budded virus. This is the first
report of the display of the GFP protein or the individ-
ual rubella virus spike proteins on the surface of an
enveloped virus. Such a eucaryotic viral display sys-
tem may be useful for the display of proteins depen-
dent on glycosylation for activity and for targeting of
recombinant baculoviruses to novel host cell types as
a gene transfer vehicle. © 1997 Academic Press

The ability of various viruses to display foreign pro-
teins and peptides on their surface has been useful in
a number of areas in the life sciences, ranging from
protein structure studies to gene therapy. Possibly the
greatest usage of such technology has been in phage
display, where a peptide or protein is fused to the gene
111 coat protein of the filamentous bacteriophages M13,
fd or f1(1, 2). Phage display is an extremely powerful
technique due to the direct physical linkage of genotype
and phenotype. This linkage enables the selection of
mutant proteins with desired characteristics from a
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library of displayed proteins, as in the selection of mu-
tant forms of growth hormone with increased receptor
binding affinity (3). This technology has also found par-
ticular application in the generation of antibodies with-
out the need for prior immunization (reviewed in 4).
However, phage display does have limitations imposed
by the expression host. Since phages are procaryotic
viruses, the proteins intended for display must be suit-
able for secretion from a procaryotic host, and not be
dependent on some eucaryotic postranslational modi-
fication or folding requirement. Therefore, a eucaryotic
viral display system would be useful for the study of
such proteins.

The Autographa californica nuclear polyhedrosis vi-
rus (AcNPV) has been widely used for the expression
of heterologous proteins in insect cells (5). As a result
the AcNPV virus has become well characterized, in-
cluding the determination of the complete DNA se-
quence of the viral genome (6). The virus is a member
of the family Baculoviridae, a group of large enveloped
double-stranded DNA viruses which are pathogens of
insects. The form of the virus responsible for infection
of cells in tissue culture is a single enveloped nucleo-
capsid (budded virus or ECV). The major protein of the
AcNPV envelope is the glycoprotein known as gp64 (or
alternatively, gp67). The gp64 gene encodes a type |
integral membrane glycoprotein with an amino-termi-
nal signal sequence and a carboxy-proximal transmem-
brane domain (7). The gp64 protein occurs on the viral
particle as a disulphide linked oligomer (most likely a
trimer, 8) and is responsible for viral cell entry, medi-
ated by acid-triggered membrane fusion (9). Structural
studies on the gp64 protein have identified separate
domains responsible for oligomer formation and mem-
brane fusion (9). These structural characteristics of
gp64 make the protein a good candidate as a presenta-
tion platform for the development of a eucaryotic based
viral display system.

In this study, we have investigated the suitability
of the gp64 protein as a fusion partner to direct the
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incorporation of heterologous proteins into the baculo-
viral virion. Our results show that fusion to the amino-
terminus of gp64 of either the rubella virus envelope
proteins, or the green fluorescent protein (GFP) of Ae-
guorea victoria, leads to the incorporation of the prod-
uct into the baculovirus particle. Such display of GFP
on the surface of the baculovirus may lead to an im-
proved approach for monitoring the baculoviral infec-
tion process in vivo. The ability to individually display
the rubella virus envelope proteins, E1 and E2, on the
baculovirus surface will facilitate studies with the aim,
for example, of identifying the rubella virus receptor.
Further, developments to the baculo-display system
may allow the use of baculoviruses as a general gene
transfer vehicle.

MATERIALS AND METHODS

Cells and virus. Spodoptera frugiperda (Sf9 and Sf21AE) cells
were grown in monolayer and/or suspension cultures in SF900-II
medium (Gibco-BRL, MD, USA) with antibiotics at 27°C. Cells were
infected by each recombinant baculovirus at a multiplicity of infec-
tion (MOI) of 1-10 and the products analyzed 3 days post infection
(p.i.). Viral stocks were produced by infecting cells at MOI 0.1 and
harvesting virus after 4 days. Insect cell culture and baculoviral
procedures followed standard protocols (5). For storage at 4°C, stock
virus samples had FCS added to 2%.

Plasmid construction. Epitope (FLAG)-tagged gp64 was con-
structed by polymerase chain reaction (PCR) amplification of the
gp64 gene from purified AcCNPV DNA (5’ primer, GGTGGTGAATTC-
CGGCCGAACGCGCAAATGAAGACGGG, underlined sequence en-
codes amino acids 25-31 of AcNPV gp64, 3’ primer, GTTGGGTCT-
AGATCTTTAATATTGTCTATTACGGTTTC, underlined sequence
encodes amino acids 506-512 of AcNPV gp64), and cloning of the
EcoRI/Bglll-digested PCR product into a EcoRI/BamHI-treated
pVL1392-derivative containing the signal sequence of the GIuR-D
glutamate receptor followed by the FLAG epitope (10). The resulting
expression plasmid was designated pFLAGgp64. The predicted
amino acid sequence of the FLAGgp64 construct is MRIICRQIVLLF-
SGFWGLAMGIDYKDDDDKISRPEFRPNAQMKTG NRN-
RQY (signal peptide cleavage site indicated by an arrow, FLAG pep-
tide underlined and gp64 amino acids 25-512 shown in bold).
pGFPgp64 was constructed by PCR of the GFP coding sequence from
the plasmid pK410-2 (11) (5’ primer, TCGCAGATCTGTATGAGT-
AAAGGAGAAGAACTT, 3’ primer, TACCGAATTCTTTGTAGA-
GCTCATCCATGCC) and cloning of the product into the Bglll/EcoRI
sites of pFLAGgp64. The resultant plasmid encodes the fusion pro-
tein FLAG-GFP-AcNPVgp64. The plasmids pRVE1lgp64 and
pRVE2gp64 were constructed by PCR amplification of the rubella
virus envelope proteins E1 and E2 from the plasmid pGEM2-RV24S
(12). The primers used (E1: 5’ primer, CCCCCAGATCTGTGAGGA-
GGCTTTCACCTA, 3’ primer, TACCGAATTCCTCCGCCCAGG-
TCTG; E2: 5’ primer, TACCAGATCTTTGGGCTCCAGCCCCGC, 3’
primer, TACCGAATTCATCAAGAGACAGCGC) amplified the DNA
encoding the extra-virion regions of both envelope proteins, i.e., the
region of the protein displayed on the rubella virus surface. The
amplified portions of the rubella virus E1 and E2 proteins were
cloned into the Bglll/EcoRlI sites of pFLAGgp64, the resultant plas-
mids encoding the fusion proteins FLAG-E1-AcNPVgp64 and FLAG-
E2-AcNPVgp64, respectively. In the case of the rubella virus E1
protein, the DNA fragment encoding the FLAG-E1-AcNPVgp64 fu-
sion protein was excised from the plasmid pRVE1gp64 by digestion
with EcoRV and Hindl1l and subcloned into the pFASTBAC 1 vector
(Gibco-BRL) digested with Stul and Hindlll. The resultant plasmid
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pFBRVE1gp64 contains two polyhedrin promoters in tandem, fol-
lowed by the sequence coding for the FLAG-E1-AcNPVgp64 fusion
protein.

Production and purification of recombinant baculoviruses. The
recombinant baculoviruses AcFLAGgp64, AcGFPgp64 and
AcRVE2gp64 were produced by homologous recombination after co-
transfection of the recombinant transfer plasmids pFLAGgp64,
pGFPgp64 and pRVE2gp64, respectively, with linear wild-type
AcNPV DNA (Invitrogen, CA, USA). The recombinant viruses encod-
ing the AcNPVgp64 fusion proteins were plaque purified according to
standard procedures (5). The recombinant baculovirus AcRVE1gp64
was produced using the Bac-to-Bac system (Gibco-BRL). In brief, the
FLAG-E1-AcNPVgp64 expression cassette was transferred from the
plasmid pFBRVE1gp64 into a baculovirus shuttle vector (bacmid) by
a site-specific transposition event (13). The resultant recombinant
bacmid was introduced into Spodoptera frugiperda cells by Insectin
(Invitrogen) mediated transfection, followed by collection of the re-
combinant AcRVE1gp64 virus in the transfected cell medium.

Concentration and sucrose gradient purification of budded virus.
Baculovirus samples for analysis by sucrose gradient sedimentation
were prepared from infected cell supernatants by centrifugation of
culture medium (100,000 X g, 30 min at 4°C) which had previously
been clarified by low speed centrifugation (6,000 X g, 15 min at 4°C).
The viral pellet obtained was resuspended on ice in PBS, and loaded
onto a 25-60% sucrose gradient prepared in PBS. Viral samples were
banded in the gradient by centrifugation at 100,000 x g for 18 h at
4°C and fractionated from the top. Sucrose gradient fractions were
analyzed for the presence of gp64 fusion proteins by western blotting.

SDS-PAGE and western blots. Protein extracts from baculovirus
infected insect cells were prepared by the solubilization of infected
Sf9 or Sf21 cells in SDS-PAGE sample buffer with 2-ME and boiled
for 5 min before electrophoresis in a 7.5% SDS-PAGE gel. Baculovi-
rus samples for immunoblot analysis were prepared from infected
cell supernatants by centrifugation of medium (100,000 X g, 30 min
at 4°C) which had previously been clarified by low speed centrifuga-
tion (6,000 X g, 15 min at 4°C). The viral pellet obtained was directly
solubilized in SDS-PAGE sample buffer with 2-ME and boiled before
electrophoresis. After electrophoresis, cell and baculoviral extracts
were transferred to nitrocellulose and probed with either the anti-
AcNPV gp64 mAb B12D5 (Dr. Loy Volkman) or the anti-FLAG mAb
M1 (14, 1Bl Kodak, CT, USA) as indicated, and developed with an
alkaline phosphatase-conjugated goat anti-mouse antibody ac-
cording to the manufacturer’s instructions (Bio-Rad, CA, USA). Al-
ternatively, nitrocellulose membranes were probed with a biotinyl-
ated anti-FLAG mAb BioM2 (1Bl Kodak) and developed with a strep-
tavidin-alkaline phosphatase conjugate (Amersham, UK).

RESULTS

To enable fusion of heterologous proteins to the bacu-
lovirus AcNPV major envelope glycoprotein, gp64, we
constructed the vector pFLAGgp64 (Fig. 1). This vector
has the amino-terminus of gp64 fused to the FLAG
epitope tag (14) followed by restriction sites for Bglll
and EcoR1. Between these sites we have inserted the
cDNAs for the green fluorescent protein (GFP) of Ae-
quorea victoria (15), or either of the envelope proteins,
E1 or E2, of rubella virus (16) (Fig. 1). These proteins
were chosen to test the suitability of gp64 to direct the
incorporation of the resultant fusion protein into the
baculovirus particle. The placement of the FLAG tag
at the amino-terminus of the gp64 fusion proteins was
designed to allow detection of the full length product
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FIG. 1.

Expression cassette structure of the different AcNPVgp64 fusion vectors used in this study. The pFLAGgp64 vector was used

for the construction of the other gp64 fusion vectors (pGFPgp64, pRVE1gp64, and pRVE2gp64) by insertion of the different PCR amplified
DNAs between the Bglll and EcoRlI sites. The signal peptide used in the pFLAGgp64 vector is derived from the glutamate receptor GluR-
D (10). The FLAG peptide sequence (DYKDDDDK) (14) was included at the amino terminus of all the fusion proteins. TM, transmembrane
segment of the AcNPVgp64 gene; GFP, green fluorescent protein; RV-EL1, rubella virus E1 envelope protein; RV-E2, rubella virus E2 envelope

protein.

and potentially allows for selection of recombinant vi-
ruses by binding to a FLAG specific antibody.

The gp64 fusion plasmids represented in Fig. 1
were used to generate the recombinant baculovi-
ruses, AcFLAGgp64, AcGFPgp64, AcRVE1gp64 and
AcRVE2gp64. These viruses have two copies of the
gp64 coding sequence, one being the wild type gp64,
essential for viral infectivity, and the second being
the gp64 fusion protein, under the control of the
polyhedrin gene promoter. These viruses were used
to infect Sf21 insect cells, and the resulting cell pel-
lets were analyzed by SDS-PAGE followed by probing
with specific monoclonal antibodies (Fig. 2). When
the infected cell extracts were probed with the M1
antibody, specific for the FLAG epitope tag, a band
was obtained for each sample consistent with the
full length fusion protein, i.e. FLAGgp64: 66kDa,
GFPgp64: 98kDa, RVE1lgp64: 120kDa, and RVE2-
gp64: 105kDa. These same products reacted with the
anti-gp64 antibody, B12D5, consistent with them
representing the gp64 fusion proteins. In the anti-
gp64 immunoblots a 64kDa band is also detected, due
to the presence of the wild type gp64. As control vi-
ruses we have used wild type AcNPV and a recombi-
nant baculovirus, AcRVEL, encoding the rubella vi-
rus E1 envelope protein with an amino terminal
FLAG tag (17). The GFP protein retained activity
when fused to the amino terminus of gp64, demon-
strated by the green fluorescence of infected insect
cells when observed by fluorescence microscopy (data
not shown).

To initially determine if the gp64 fusion proteins
are incorporated into the AcNPV virion, we collected
budded virus from infected Sf21 cells and prepared

viral pellets by centrifugation. The purified viral
pellets were analyzed by SDS-PAGE and probed with
the M1 or anti-gp64 antibodies (Fig. 3). The M1
antibody detected products of the expected size for
the full length fusion proteins, i.e. FLAGgp64:
66kDa, GFPgp64: 98kDa, RVE1gp64: 120kDa, and
RVE2gp64: 105kDa. These same bands were also de-
tected with the anti-gp64 antibody. No M1 antibody
reactive material was detected in the budded virions
from the AcRVEL virus, demonstrating that incorpo-
ration of a heterologous protein into the baculovirus
particle is dependent on fusion with the gp64 enve-
lope protein.

Attempts to demonstrate the display of the FLAG
epitope tag on the surface of the gp64 fusion baculovi-
ruses by electron microscopy of immunogold-labeled
budded virus were not successful due to the occur-
rence of damaged virus particles (the fragile nature
of the AcNPV budded virus has been previously
noted, 18). However, we did achieve specific immuno-
gold-labeling with the M1 antibody of baculovirus
particles budding from the AcFLAGgp64 infected cell
surface (data not shown). Although such labeling was
sparse, the bound gold particles were always associ-
ated with virus particles, and no labeling was ob-
served in the case of wild type AcNPV infected cells.
To further confirm the viral incorporation of the gp64
fusion proteins, the gp64 fusion viruses were ana-
lyzed by sedimentation through a 25%-60% sucrose
gradient, and the fractions subjected to western anal-
ysis (Fig. 4). The level of the GFPgp64 fusion protein
in the sucrose gradient peaked at 42-47% sucrose,
the same fractions as the peak of infectious virus, as
determined by plaque assay. Furthermore, in similar
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FIG. 2. Western blots of gp64 fusion baculovirus infected Sf21
cells. Nitrocellulose membranes were probed with either the FLAG
epitope specific mAb, M1 (upper panel), or the anti-gp64 mAb, B12D5
(lower panel). The viruses used were (lane 1) AcNPV wild type, (lane
2) AcRVEL, a virus encoding the rubella virus envelope protein E1
with an amino-terminal FLAG tag, (lane 3) AcFLAGgp64, (lane 4)
AcGFPgp64, (lane 5) AcRVE1gp64, and (lane 6) AcRVE2gp64. Posi-
tion of the protein molecular mass standards is indicated on the right
in kilodaltons.

sucrose gradients the level of the FLAGgp64,
RVE1lgp64 and RVE2gp64 fusion proteins also
peaked at 42-47% sucrose.

DISCUSSION

Our results indicate that fusion of a protein to the
amino-terminus of gp64 is sufficient to achieve incorpo-
ration of the product into the baculovirus virion. Sur-
face expression of a protein in Spodoptera frugiperda
insect cells is not enough to achieve such incorporation,
as we have demonstrated in this study with the E1
envelope protein of rubella virus. This contrasts with
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the situation for the vesicular stomatitis virus (VSV),
which has recently been shown to non-specifically in-
corporate heterologous membrane proteins into the vi-
rus particle (19). The fusion of a protein to gp64 does
not appear to alter the growth of the resultant virus,
since we have been able to produce high titre stocks of
all our gp64 fusion viruses. However, it still remains a
possibility that the fusion of some proteins to gp64 may
adversely effect viral production and/or infectivity. In
the work reported here we have utilized sucrose gradi-
ent sedimentation analysis to distinguish between vi-
ral incorporation and secretion of the gp64 fusion pro-
teins. It is particularly important to make this distinc-
tion as gp64 has been found in the culture medium of
baculovirus infected insect cells prior to the budding of
virus (20).
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FIG. 3. Western blots of gp64 fusion baculoviruses. Nitrocellu-
lose membranes were probed with either the FLAG epitope specific
mADb, M1 (upper panel), or the anti-gp64 mAb, B12D5 (lower panel).
The viruses used were (lane 1) AcNPV wild type, (lane 2) AcRVEL,
(lane 3) AcFLAGgp64, (lane 4) AcGFPgp64, (lane 5) AcRVE1gp64,
and (lane 6) AcRVE2gp64. Position of the protein molecular mass
standards is indicated on the right in kilodaltons.
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FIG. 4. Sucrose gradient analysis of gp64 fusion baculoviruses.
A and B show western blots of the AcGFPgp64 virus sucrose gradient
fractionation, probed with a biotinylated anti-FLAG mAb, BioM2 (A),
or the anti-gp64 mAb, B12D5 (B). Fractions (1-8) were collected from
the top of the sucrose gradient (25-60%). (C) Western blots of the
peak fractions (fractions 4 and 5 for all gradients) from the Ac-
FLAGgp64 (lanes 1 and 2), AcRVE2gp64 (lanes 3 and 4), and
AcRVE1gp64 (lanes 5 and 6) virus sucrose gradients. AcFLAGgp64
virus samples (lanes 1 and 2) were probed with the biotinylated anti-
FLAG mADb, BioM2. AcRVE2gp64 and AcRVE1gp64 virus samples
were probed with the FLAG epitope specific mAb, M1. Position of
the protein molecular mass standards is indicated on the right in
kilodaltons.

Similar results to those presented here have recently
been reported by Boublik et al. (21). These workers
fused either glutathione-S-transferase (GST) or the
HIV gp120 protein to the amino terminus of gp64 and
achieved incorporation of the product into the virus
particle. It is difficult to compare the efficiency of virion
incorporation of these gp64 fusion proteins with those
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which we have produced. Although we have not quanti-
tated the level of incorporation of our different gp64
fusion proteins relative to native gp64, the intensity of
the signal obtained in western blots of the Ac-
FLAGgp64 virus, would suggest a higher level of incor-
poration of the FLAGgp64 protein compared to the
other gp64 fusion proteins. This is possibly to be ex-
pected, as the larger the protein fused to gp64 the more
likely it would interfere with gp64 trimer formation,
and hence incorporation into the virus particle. GFP
and the rubella virus envelope proteins E1 and E2,
were all incorporated into the virus particle to a similar
level.

The AcNPV virus is not the only virus which has
been investigated as the basis of a eucaryotic display
system. Examples include, poliovirus (22), rhinovirus
(23), and sindbis virus (24) from animals, and cowpea
mosaic virus (25) and tobacco mosaic virus (26) from
plants. However, these viruses have only been engi-
neered to display peptide epitopes as vehicles for vac-
cine development (reviewed in 27). Recently, it has
been reported that the green fluorescent protein (GFP)
can be displayed on the surface of the potato virus X
by fusion to the amino-terminus of the coat protein (28,
29). In this case the presence of the native coat protein
was also required to enable the assembly of infectious
virus particles. However, the suggested uses for the
potato virus X display vehicle have centered around
applications such as heterologous protein production,
vaccine development and the non-invasive study of vi-
rus multiplication and spread (29). In contrast, gp64
fusion baculoviruses may be of use in the development
of eucaryotic display libraries and in the targeting of
baculoviruses to novel host cell types.

Recent developments in the baculovirus expression
system (reviewed in 30) are opening up the possibility
of constructing display libraries in recombinant bacu-
loviruses. Traditionally, recombinant baculoviruses
are produced by co-transfection of a transfer vector con-
taining an expression cassette with baculoviral DNA
into Spodoptera frugiperda cells. In vivo recombination
between the transfer vector and the baculoviral ge-
nome results in the production of recombinant viruses.
The use of linearized baculoviral DNA for transfection
(31) and the development of a lethal deletion virus (32)
has greatly increased the efficiency of recombinant vi-
rus isolation. Further developments with particular
relevance for library generation include the production
of recombinant viruses in vitro by the Cre-lox system
of bacteriophage P1 (33), the ability to directly clone
into the AcNPV genome (34) and improvements to the
transposon-mediated bacmid system (35).

Targeting of baculoviral vectors to novel cell types
via the display on the viral vector surface of a cell type
specific ligand, may have applications in the developing
field of gene therapy. Recently it has been demon-
strated that suitably modified baculoviral vectors effi-
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ciently transfer and express genes in mammalian cells
of liver origin (36-38). Expression of the reporter gene
in such modified baculoviruses was dependent on the
presence of a promoter active in mammalian cells (37).
The lack of reporter gene expression in cell types of
non-liver origin does not appear to be due to a block in
baculovirus internalization (36). Possibly the pathway
of baculoviral internalization is different in liver cells
compared with cells of non-hepatic origin. By modifying
the surface of viral vectors it is possible to target spe-
cific cell types at the level of cell binding and entry (39,
40). Hence, by modifying the baculovirus surface via
engineering of the gp64 protein, it may be possible to
specifically alter the pathway of internalization such
that baculovirus-mediated gene transfer is possible to
various different cell types of therapeutic interest. We
are currently investigating these proposals.
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