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Abstract

The retroviral Gag protein is frequently used to generate ‘virus-like particles’ (VLPs) for a variety of applications. Retroviral

Gag proteins self-assemble and bud at the plasma membrane to form enveloped VLPs that resemble natural retrovirus

virions, but contain no viral genome. The baculovirus expression vector system has been used to express high levels of the

retroviral Gag protein to produce VLPs. However, VLP preparations produced from baculovirus-infected insect cells typically

contain relatively large concentrations of baculovirus budded virus (BV) particles, which are similar in size and density to

VLPs, and thus may be difficult to separate when purifying VLPs. Additionally, these enveloped VLPs may have substantial

quantities of the baculovirus-encoded GP64 envelope protein in the VLP envelope. Since VLPs are frequently produced for

vaccine development, the presence of the GP64 envelope protein in VLPs, and the presence of Autographa californica

multicapsid nucleopolyhedrovirus BVs in VLP preparations, is undesirable. In the current studies, we developed a strategy

for reducing BVs and eliminating GP64 in the production of VLPs, by expressing the human immunodeficiency virus type 1

gag gene in the absence of the baculovirus gp64 gene. Using a GP64null recombinant baculovirus, we demonstrate Gag-

mediated VLP production and an absence of GP64 in VLPs, in the context of reduced BV production. Thus, this approach

represents a substantially improved method for producing VLPs in insect cells.

INTRODUCTION

Virus-like particles (VLPs) are assemblies that are similar to
and mimic virus particles. VLPs are typically assembled
from one or a few viral proteins and may be enveloped by a
membrane derived from the cell, or they may be non-envel-
oped, depending on the virus and method of production.
Typically, VLPs do not contain a viral genome, cannot repli-
cate, and are infection incompetent, which makes VLPs
excellent models for studying viral structure and immune
system activation during viral infection [1, 2]. VLPs are also
used as vaccines, as surface display platforms, and as
vehicles for gene delivery [3–5]. VLPs are capable of induc-
ing B and T cell-mediated immune responses as well as neu-
tralizing antibody production. In addition to their capacity
for robust immune system activation, VLPs are safer and
often lower cost alternatives to live or attenuated vaccines
[6, 7]. A number of VLP-based vaccines have been commer-
cialized worldwide. Examples include Engerix-B and
Recombivax HB (against the hepatitis B virus) which are
produced in yeast cells, and Gardasil and Cervarix (against
the human papiloma virus) produced in yeast cells and

baculovirus-infected insect cells, respectively [8]. The bacu-
lovirus expression vector system (BEVS) is a powerful
eukaryotic expression system, capable of extremely high lev-
els of protein production, combined with complex eukary-
otic post-translational protein modifications, which may be
important for the correct self-assembly and release of some
VLPs. As such, the BEVS is an attractive and valuable plat-
form for the production of VLPs [9–11].

The mechanism of VLP assembly and VLP composition

depends on many factors, including the type of virus parti-

cle (enveloped or non-enveloped). Typically, the final steps

in the assembly of an enveloped VLP involve the matrix

and/or capsid proteins interacting with cellular protein

complexes at the plasma membrane, followed by budding to

produce the VLP. In this process, the envelope of the VLP

may incorporate viral and cellular membrane proteins

found at the cell surface [12]. While this is advantageous for

some applications, it can also be problematic as cellular

membrane proteins and the envelope protein from a viral

vector (such as the baculovirus envelope glycoprotein
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GP64) may be abundantly displayed on the cell surface, and
subsequently displayed on the VLP surface [13, 14].

During Autographa californica multicapsid nucleopolyhe-
drovirus (AcMNPV) infection of insect cells, two types of
virions are produced: occlusion-derived virus (ODV) and
budded virus (BV). Both contain the same genome and
nucleocapsid but ODV and BV differ in morphogenesis,
envelope composition, and function within the viral infec-
tion cycle. The major envelope protein of the AcMNPV BV
particle is GP64, a type I integral membrane glycoprotein
that is required for viral entry and is important for efficient
budding of BV during virion egress [15–17]. The GP64 pro-
tein is immunogenic in mammals and can trigger a specific
immune response in BALB/c mice [18]. Enveloped VLPs
produced using BEVS may contain GP64 that is acquired
during particle assembly (budding) and it was reported pre-
viously that this occurs when human immunodeficiency
virus type 1 (HIV-1) Gag is used to generate VLPs in the
BEVS [14].

Expression of the retroviral Gag protein is an efficient
method for producing VLPs. The HIV-1 gag ORF encodes a
precursor polyprotein of 55 kDa (Pr55) that is processed
into a series of proteins including the matrix protein (p17 or
MA), the capsid protein (p24 or CA), the nucleocapsid pro-
tein (p7 or NC) and a p6 protein. Myristoylation of the HIV
Gag precursor (Pr55Gag) is essential for its localization to
the cytoplasmic side of the plasma membrane [19–21].
Expression of Pr55Gag alone is sufficient for the assembly
and budding of VLPs from the plasma membrane of the cell
[22–24]. Because VLPs are important for vaccine develop-
ment, and the BEVS is one of the most attractive systems
for producing VLPs, a system for producing VLPs free of
baculovirus particles and for eliminating the baculovirus
envelope protein from VLPs could be of great value in vac-
cine development and production.

In the current study, we generated recombinant baculovi-
ruses expressing the HIV-1 Gag protein in either the pres-
ence or absence of the baculovirus GP64 protein. When a
recombinant baculovirus expressing both the Gag and GP64
proteins was examined, we found that VLP preparations
contained BV particles that were difficult to separate from
VLPs. However, when a recombinant virus expressing the
Gag protein but lacking the gp64 gene was examined, BVs
appeared to be substantially reduced and no GP64 was
detected. Thus, these approaches should facilitate develop-
ment of improved VLP-based vaccines using BEVS.

RESULTS

Analysis of AcMNPV BV and HIV-1 VLP production

To initially examine and compare the production of VLPs
and BVs from a recombinant baculovirus, Sf9 cells were
infected at an m.o.i. of 0.1 with WT AcMNPV or vGA-
GHIV-1, a recombinant AcMNPV virus that expresses the
HIV-1 Gag protein under the polyhedrin promoter (Fig. 1a,
b). Supernatants were collected and BVs and VLPs from

each infection were purified, first by pelleting through a
25% sucrose cushion, then by fractionating on a 30–
60% sucrose gradient. Although the HIV-1 Gag VLPs and
baculovirus BVs differ somewhat in size and shape (around
100 nm diameter vs 30–60�250–300 nm, respectively), only
a single diffuse band was visible in sucrose density gradients
of particles isolated from AcMNPV- or vGAGHIV-1-
infected cell supernatants (data not shown). After fraction-
ation of each gradient, a portion of each fraction was loaded
onto a lane of an SDS-PAGE gel, proteins were stained with
Coomassie Brilliant Blue, and quantified by densitometry
(Figs 2 and 3). Fractions containing AcMNPV BVs were
identified by the combined presence of the GP64 and VP39
proteins, the most abundant structural proteins of
AcMNPV BVs. Fractions containing HIV-1 VLPS were
identified by the presence of the Gag protein. Proteins
GP64, VP39 and Gag were confirmed by Western blot anal-
ysis and the approximate quantities of the proteins in each
lane were determined by Coomassie Brilliant Blue staining
and interpolation from a standard curve of BSA.

AcMNPV BVs from cells infected with WT AcMNPV were
identified as a major peak at a density of approximately
1.19 gml�1, as determined by maximal detection of GP64
(green line) and VP39 (red line) (Fig. 2a, dashed lines). A
second (minor) peak of AcMNPV BVs was also identified at
a density of approximately 1.20 gml�1. The identities of
GP64 and VP39 were confirmed by Western blot analysis
(Fig. 2b, right panel). Purified particles from the fraction
containing peak levels of AcMNPV BVs were analysed by
negative staining and transmission electron microscopy

Fig. 1. WT AcMNPV and recombinant AcMNPV viruses (vGAGHIV-1

and vGAGHIV-1-GP64null) are represented as diagrams. Presence or

absence of the AcMNPV gp64 gene and the polyhedrin (PH) promoter

driven HIV-1 gag gene (Pr55Gag) is indicated for each virus: WT

AcMNPV (a), vGAGHIV-1 (b) and vGAGHIV-1-GP64null (c). Virus vGA-

GHIV-1-GP64null was generated from a gp64null AcMNPV virus that

was previously described in detail [26, 45].
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(TEM), and the presence of BVs was confirmed (Fig. 2c,
fraction 13). The approximate molar ratio of GP64 and
VP39 proteins in the major BV fraction (2 : 1) is also indi-
cated (Fig. 2d).

In parallel, we examined the production of VLPs from Sf9

cells infected with virus vGAGHIV-1, which expresses the

HIV-1 Gag protein (Fig. 3). Proteins in each gradient frac-

tion were separated, stained and analysed as above. Two

major peaks of the Gag protein were observed. The largest

peak of Gag was identified at a density of approximately

1.17 gml�1 (Fig. 3a, b, fractions 10–11), and a second

slightly less intense peak of Gag was coincident with the

major peaks of GP64 and VP39 at approximately 1.19 g

ml�1 (fraction 14). The larger peak of Gag protein at 1.17 g

ml�1 is indicative of VLPs. The presence of relatively low

quantities of both GP64 and VP39 in the same peak sug-

gests that either these proteins may be found within VLPs

or more likely, that a low quantity of BVs was co-purifying

with VLPs. It is expected that VLPs might acquire GP64

during the budding process but because VP39 should only

be found in the cytoplasm as assembled nucleocapsids, it

would seem less likely that VP39 could be incorporated into
VLPs budding at the surface. To address these questions,
particles purified from fraction 11 were analysed by negative
staining and TEM. As expected, we detected numerous
spherical structures consistent with previously described
HIV-1 VLPs. In addition, occasional rod-shaped structures
that appear to be AcMNPV BVs or nucleocapsids were also
present in this fraction (Fig. 3c, fraction 11, closed arrow).
Thus, AcMNPV BV particles were not clearly separated
from VLPs. The other peak of Gag (Fig. 3a, b, fraction 14,
1.19 gml�1) contains maximal levels of GP64 and VP39,
indicating that Gag VLPs may also be co-purified with the
BV fraction. The approximate molar ratios of Gag, GP64
and VP39 (3.7 : 1.4 : 1) in the major VLP fraction are also
indicated (Fig. 3d). Thus, VLPs were highly enriched in the
1.17 gml�1 fraction but that fraction also contained
AcMNPV BVs.

Production of GP64-free VLPs

It was previously shown that GP64 is an essential baculovi-
rus protein, required for efficient budding and for produc-
tion of infectious BVs. The production of an infectious

Fig. 2. Analysis of AcMNPV BV particles by sucrose density gradient fractionation. (a, b) BVs were isolated on 30–60%sucrose density

gradients from supernatants of AcMNPV-infected Sf9 cells. Lanes 1–19 represent fractions (top to bottom) from the sucrose gradient,

analysed by 12% SDS-PAGE (b, left panel). AcMNPV GP64 and VP39 proteins were identified by Western blot analysis of fraction 13

using an anti-GP64 Mab (star) and an anti-VP39 antiserum (triangle) (b, right panel). Relative quantities of GP64 and VP39 proteins

were determined by measuring fluorescence intensities of bands from Coomassie Blue-stained gels by infra-red imaging. Band inten-

sities were plotted as a red line for VP39 and a green line for GP64 in (a). The density of sucrose in each fraction is indicated by a

black diamond and a solid black regression line indicates the linearity of the gradient. Dashed lines show densities of peak fractions of

BVs. (c) Negatively stained virion preparations from fraction 13 were examined by a transmission electron microscope (TEM). The

arrow indicates an example of the rod-shaped baculovirus BV. (d) The relative molar ratios of GP64 and VP39 proteins present in frac-

tion 13 are indicated. Protein quantities were estimated by interpolation from a standard curve of BSA protein (not shown), and molar

ratios were estimated based on the molecular weight of each protein.
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recombinant baculovirus containing a gp64 gene deletion (a

GP64null AcMNPV virus) can be accomplished using a

complementing cell line that constitutively expresses a het-

erologous GP64 protein [16, 25]. Because of the difficulty in

separating VLPs and BVs, a GP64null recombinant baculo-

virus expressing Gag (Fig. 1c) was constructed (vGAGHIV-

1-GP64null) with the goals of: (a) producing VLPs with no

GP64 in the envelope and (b) generating few baculovirus

BV particles. To produce and propagate this Gag-expressing

GP64null virus, we used cell line Sf9Op1D (which constitu-

tively expresses the GP64 protein from baculovirus

OpMNPV [26]). A virus preparation produced in Sf9Op1D

cells was then used to infect Sf9 cells (m.o.i. 1) for analysis

of VLP production in the absence of GP64 production. First,

infected Sf9 cells were collected at 72 h post infection (p.i.)

and examined by Western blot analysis for the presence of

GP64. We detected no GP64 protein in Sf9 cells infected

with vGAGHIV-1-GP64null, confirming the absence of

detectable GP64 protein (Fig. 4, centre panels, lane 4). In

contrast, GP64 was detected in control cells infected with

WT AcMNPV or vGAGHIV-1 (Fig. 4, centre panels, lanes

2–3). In addition, the baculovirus capsid protein VP39 was

detected in all infected cells, and Gag protein was detected

in both vGAGHIV-1 and vGAGHIV-1-GP64null virus-

infected Sf9 cells.

Characterization of GP64-free HIV-1 VLPs

We next examined the envelopes of VLPs produced in Sf9
cells infected with either vGAGHIV-1 or vGAGHIV-1-
GP64null. After infecting cells at an m.o.i. of 1 and incubating
for 72 h p.i., infected cells were prepared for immunogold
labelling and TEM. The GP64 protein was readily detected on
the surfaces of VLPs budding from Sf9 cells infected with
vGAGHIV-1 (Fig. 5a, c), but was not detected on VLPs bud-
ding from Sf9 cells infected with vGAGHIV-1-GP64null
(Fig. 5b, d). VLPs produced from cells infected with vGA-
GHIV-1 and vGAGHIV-1-GP64null were also purified by
ultra-centrifugation through a sucrose cushion and analysed
by negative staining and TEM (Fig. 5e, f). The observation of
reduced BVs (by electron microscopy) in purified particles
isolated from cells infected with the GP64null virus express-
ing HIV-1 Gag (Fig. 5f) is consistent with prior studies [16]
showing dramatic quantitative reductions of baculovirus BVs
in GP64null infections.

DISCUSSION

The production of VLPs for use as recombinant vaccines or
gene therapy vectors represents a powerful tool in medical
biotechnology. However, the production of enveloped VLPs
can be costly and inefficient when produced in mammalian
cell lines, and the presence of adventitious agents from

Fig. 3. Analysis of AcMNPV BVs and HIV-1 Gag VLPs by sucrose density gradient fractionation. Gradient fractions were prepared and

analysed as described in the legend to Fig. 2. (a, b) Proteins GP64 (green line), VP39 (red line) and HIV-1 Gag (blue line) were detected

and quantified by Coomassie Blue staining and infra-red imaging. Proteins were identified by Western blot analysis of fraction 11 using

an anti-GP64 monoclonal antibody (star), an anti-Gag monoclonal antibody (closed circle) and an anti-VP39 polyclonal antibody (trian-

gle). (c) Negative staining of fraction 11 showing BVs (closed arrowhead) and VLPs (open arrowhead) in the fraction. (d) Quantification

and relative molar ratios of the GP64, VP39 and Gag proteins present in fraction 11 were determined as described above.
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mammalian cells may be a concern. Because the BEVS rep-
resents a non-vertebrate heterologous expression system,
and expression levels can be exceptionally high, baculovirus
expression represents a highly attractive system for VLP
production in terms of both safety and production costs
[27, 28]. Another important feature of the baculovirus-
insect cell system is the presence of complex eukaryotic
post-translational modifications such as glycosylation, acyl-
ation, phosphorylation, etc. on proteins expressed in this
system [29, 30].

The expression of retroviral Gag proteins as a means of pro-
ducing VLPs in the BEVS has been explored in some detail
[31–34]. Lynch et al. [35] produced Pr55Gag VLPs using the
BEVS and examined the stability of these particles after stor-
age. They found that such VLPs can be stored for up to
12months, with VLPs retaining stability. Pillay et al. [36]
optimized HIV-1 Gag-mediated VLP production by monitor-
ing conditions such as cell density at infection, baculovirus
dose and timing of infection. While a variety of such studies
have examined HIV-1 Gag-based VLPs, no study to date has
effectively separated the large quantities of baculovirus BV

particles from the VLPs produced in the viral infection cycle
[37, 38]. Although separating VLPs and BV particles by tech-
niques such as size exclusion or affinity chromatography may
be possible, such techniques are typically expensive, ineffi-
cient, and often difficult steps in VLP preparation. Thus, sep-
aration of VLPs and BVs remains a substantial problem.
While the presence of the baculovirus particles (which are not
infectious to mammals) does not represent a significant prob-
lem for many applications, the presence of the major BV
envelope glycoprotein, GP64, may be problematic as GP64 is
highly immunogenic [18]. When HIV-1 Gag VLPs bud from
AcMNPV-infected insect cells, the envelope is derived from
the host cell membrane that typically contains large quantities
of the GP64 protein. A recent study showed that each HIV-1
VLP produced using the BEVS, has approximately 1 GP64
molecule for every three Gag molecules [14] and we observed
similar molar ratios in the current study (Fig. 3d). It is of spe-
cial note that in some applications like gene therapy, the pres-
ence of GP64 on VLPs has been shown to enhance the
efficiency of transduction of mammalian cells. Indeed, lentivi-
ral (HIV-1 and other) vectors pseudotyped with GP64 have

Fig. 4. GP64 detection in insect cells infected with viruses WT AcMNPV, vGAGHIV-1 and vGAGHIV-1-GP64null. Sf9 cells were infected

with WT AcMNPV (lane 2), vGAGHIV-1 (lane 3) or vGAGHIV-1-GP64null (lane 4) baculoviruses, or mock-infected as a negative control

(lane 1). At 72 h p.i., cells were collected and proteins separated by SDS-PAGE, and analysed by Western blot analysis for the presence

of proteins VP39 (triangle), GP64 (star) and Gag (closed circle). Upper panels: the membrane was first incubated with a polyclonal anti-

VP39 antibody, followed by detection, then washed and incubated with an anti-GP64 MAb. After detection, the blot was again washed,

incubated with an anti-GAG MAb and bound antibody detected. Note, while the Gag antibody is directed against the Gag Pr55 precursor,

proteolytic cleavage products can also be detected (p55, p47, p41 and p24). Lower panels: membranes with the same samples shown

above were also individually incubated with each antibody separately (as indicated), to confirm the identity of each protein. M repre-

sents the molecular weight marker (Amersham RPN800E) and molecular weights are indicated in kDa on the left panel.
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an increased transduction efficiently in numerous cell types

and in animal models [39–41]. However, when VLPs are

used as human vaccine candidates to display immunogens,

the presence of GP64 may not be desirable [14] and indeed,

the presence of GP64 in the cell membrane may compete

with the target immunogen for sites on the VLP surface, thus

reducing the effectiveness of the VLP vaccine.

Since (a) it is not simple to efficiently separate BVs from
VLPs and (b) GP64 on VLPs can be problematic for some
applications, we constructed a GP64null recombinant bacu-
lovirus expressing the HIV-1 Pr55Gag precursor in order to
produce VLPs that are free of the baculovirus GP64 protein,
and with reduced BV levels. Prior studies showed that

deletion of the gp64 gene decreases the quantity of BVs pro-
duced by approximately 90–95% [16]. Because the residual
BVs contain no GP64 protein and are not infectious, this
provides an additional safety factor for VLP preparations
produced in this manner. A limitation of this system how-
ever, is the fact that the GP64null virus cannot amplify
except in the producer (Sf9Op1D) cells, and this often leads
to lower yields during VLP production. Improvements in
producer cell lines or very high m.o.i. infections could possi-
bly address these issues. More recently, a method for pro-
ducing recombinant products free of AcMNPV BVs was
reported [42] and that method also used a knockout in a
gene important for BV production, vp80. The vp80 gene is
essential for viral replication and the vp80 knockout results

Fig. 5. Transmission electron microscopic analysis of HIV-1 VLPs produced in Sf9 cells. Sf9 cells infected at m.o.i. 1 with either virus

vGAGHIV-1 or vGAGHIV-1-GP64null were harvested at 72 h p.i. and prepared for TEM. For immunogold labelling (a–d) a monoclonal

antibody against GP64 (AcV1) was used, followed by incubation with an anti-mouse IgG conjugated with 10 nm gold particles. Superna-

tants from infected cells were also used for isolation of BVs and VLPs by ultracentrifugation. The two lower panels show negative

staining of BVs and VLPs prepared from supernatants of Sf9 cells infected with either vGAGHIV-1 (e) or vGAGHIV-1-GP64null (f).
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in the absence of normal nucleocapsids, ODV, and BV. A
similar strategy (a stable cell line expressing VP80) was used
to complement the vp80null virus. While the vp80null strat-
egy likely results in the absence of BVs (as compared with
only a reduction in BVs using the gp64null strategy), the
GP64 protein remains in the vp80null system and when
budded VLPs are produced, GP64 may be found decorating
subsequent VLPs. Thus, for VLPs from enveloped viruses,
some combination of these strategies may be desirable in
order to achieve optimal reduction of AcMNPV BVs and
the absence of AcMNPV GP64 on enveloped VLPs. In the
current study we combined for the first time, HIV-1 Gag-
mediated VLP production with a GP64null system for pro-
ducing VLPs in the absence of GP64. The use of a GP64null
baculovirus represents an important advance in BEVS pro-
duction of enveloped VLP-based vaccines, and a technology
with potential for use in the development of other applica-
tions in biotechnology and medicine.

METHODS

Insect cells

Spodoptera frugiperda Sf9 cells [43] were maintained in sus-
pension shaker cultures at 100 rpm at 27

�

C in Trichoplusia
ni medium Fred Hink (TNMFH) insect medium [44] sup-
plemented with 10% fetal bovine serum (FBS), 1% antibi-
otic/antimycotic (100 units ml�1 of penicillin, 100 µgml�1

of streptomycin and 0.25 µgml�1 of amphotericin B) and
0.1% (w/v) Pluronic F-68 (Gibco). Spodoptera frugiperda
Sf9Op1D [26, 45] and Sf9-ET cells [46] were maintained as
monolayers at 28

�

C in TNMFH insect medium supple-
mented with 10% FBS and 1% antibiotic/antimycotic.
Sf9Op1D cells constitutively express the GP64 protein from
the Orgyia pseudotsugata multiple nucleopolyhedrovirus
(OpMNPV) [45] which complements the deletion of the
gp64 gene in various recombinant baculoviruses. The pres-
ence of functional GP64 at the cell surface of Sf9Op1D cells
was confirmed by a syncytium formation assay as described
previously [26, 47, 48].

Wild-type and recombinant viruses

For construction of baculoviruses expressing the HIV-1 Gag
protein, recombinant baculoviruses were generated using
the pFastBac plasmid pFB-HIV-2gb that contains the full-
length HIV-1 Pr55Gag (Gag) gene under control of the poly-
hedrin promoter. pFB-HIV-2gb was kindly provided by
Volker Vogt (Cornell University) and was used to construct
the recombinant baculovirus vGAGHIV-1 using the Invi-
trogen Bac-to-Bac system [49]. For the production of the
recombinant baculovirus vGAGHIV-1-GP64null, we used
the same pFastBac plasmid (pFB-HIV-2gb), but with a bac-
terial strain carrying a gp64null AcMNPV bacmid (gp64�

bacmid-DH10B+pMON7124) [45]. To propagate the WT
AcMNPV virus (strain E2) [50] and the vGAGHIV-1
recombinant virus, Sf9 cells were infected (m.o.i. 1) and the
supernatant was collected at 72 h p.i. and titred. The same
procedure was used to propagate the vGAGHIV-1-
GP64null recombinant virus, but using Sf9Op1D cells. For

virus titrations, end-point dilution assays were performed as
described previously using Sf9-ET cells [46] and scoring for
eGFP positive cells at 3–7 days p.i. [51, 52].

Production and purification of VLPs

To produce VLPs, Sf9 cells were infected with viruses
(AcMNPV, vGAGHIV-1 and vGAGHIV-1-GP64null)
under different conditions. For infections with AcMNPV or
vGAGHIV-1 viruses, cells were infected at a density of
5�105 cells ml�1 and m.o.i. 0.1. For infections with virus
vGAGHIV-1-GP64null (a virus that does not propagate
infection from cell to cell in Sf9 cells), Sf9 cells were infected
at a density of 1�106 cells ml�1 and m.o.i. 1. After 72 h p.i.
the supernatant was collected and clarified by centrifugation
at 2000 g for 5min at 4

�

C. VLPs were pelleted from the
supernatant by ultra-centrifugation at 100 000 g for 2 h
through a 25% sucrose cushion, then resuspended in 1�
PBS (100mM Na2HPO4, 17mM KH2PO4, 1.4mM NaCl
and 27mM KCl, pH 7.4). The semi-purified VLPs were
loaded onto a 30–60% (w/v) sucrose gradient and centri-
fuged to equilibrium (18 h at 90 000 g). Fractions of 600 µl
were collected from the 12ml gradient. From each fraction,
20 µl was used for density determination using a refractom-
eter, 280 µl was used for microscopic analysis and 300 µl
was used for virion and VLP analysis by SDS-PAGE. To
each 300 µl fraction, 900 µl of 1x PBS (pH 7.4) was added
and mixed, then virus particles or VLPs were pelleted for
2 h at 100 000 g. Virions or VLPs in each fraction were
resuspended in 2x Laemmli buffer [53] and incubated for
5min at 95

�

C, then stored at �20
�

C.

Analysis of VLPs

Proteins from purified virions and VLPs from all fractions
were analysed by SDS-PAGE and quantified [53]. After
electrophoresis, proteins were stained with Coomassie Bril-
liant Blue (40% methanol, 10% acetic acid and 0.1% Coo-
massie Brillant Blue R-250) for 18 h at room temperature,
destained in a destain solution (30% methanol, 7% acetic
acid) for 18 h at room temperature, and the protein profile
of each fraction was analysed by densitometry using infra-
red detection with a Li-Cor Biosciences Odyssey Infrared
Imaging System (Li-Cor Biosciences). For quantification,
varying quantities of BSA (8.8, 4.4, 2.2, 1.1 and 0.5 µg) were
loaded onto the gel and measured to generate a standard
curve. Sample fractions were also loaded onto a parallel
12% SDS-PAGE gel and proteins were transferred to a
nitrocellulose membrane (GE Heathcare) for Western
blot analysis. Membranes were blocked in 3% skim milk in
1x PBS for 1 h at room temperature (RT), or overnight at
4

�

C. Membranes were then washed three times (5min per
wash) with a 1x PBS solution containing 0.05% Tween and
incubated for 1 h at RT with the primary antibody. Primary
antibodies consisted of AcV5, a mouse monoclonal anti-
GP64 antibody [54, 55] diluted 1 : 2000; a rabbit polyclonal
anti-VP39 antibody diluted 1 : 5000, and anti-GAG HIV-1
p24 (NIH AIDS Reagent Program 6457) diluted 1 : 10 000.
Membranes were washed three times (5min per wash) as
above, then incubated with an alkaline phosphatase (AP)
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conjugated secondary antibody (goat anti-mouse IgG,
Sigma) diluted 1 : 10 000, for 1 h at RT. After incubation, the
membranes were washed three times as above and specific
proteins were detected with NBT/BCIP (Invitrogen) diluted
in distilled water, as described by the manufacturer.

Analysis of infected cells

Sf9 cells in suspension (5�105 cellsml�1) were infected with
each of the viruses (m.o.i. 1) and collected at 72 h p.i. by cen-
trifugation at 2000 g for 5min at 4

�

C. The cell pellet was
resuspended in 2� Laemmli buffer [53], proteins were dena-
tured at 95

�

for 5min, and the proteins were separated by
electrophoresis in a 12% SDS-PAGE gel. After electrophore-
sis, proteins were transferred to a nitrocellulose membrane
(GE Heathcare) for Western blot analysis using anti-VP39,
anti-GP64 and Anti-Gag antibodies, as described above. The
membrane containing AcMNPV-, vGAGHIV-1- and vGA-
GHIV-1-GP64null-infected cell extracts was challenged with
one primary antibody (followed by the appropriate secondary
antibody and substrate) and imaged as described above.
Shortly after development, the membrane was washed,
blocked and incubated with the second primary antibody
(followed by the appropriate secondary antibody and sub-
strate), and imaged. After development the membrane was
then washed, blocked and incubated with the third primary
antibody (followed by the appropriate secondary antibody
and substrate). Thus, the same membrane was challenged
and imaged sequentially with three different primary antibod-
ies (Anti-VP39, Anti-GP64 and Anti-Gag). The same experi-
ment was also performed using membranes incubated with
only a single primary antibody.

Electron microscopy

Purified (sucrose gradient) or semi-purified (sucrose cushion)
VLPs were pipetted onto glow-discharged carbon-coated
grids and incubated for 30min. The grids were then washed
three times with 1x PBS, negatively stained for 2min with 2%
phosphotungstic acid (PTA) [56], and samples analysed on a
JEOL 1011 TEM. For immunogold staining, Sf9 cells were
infected (m.o.i. 1) with either vGAGHIV-1 or vGAGHIV-1-
GP64null. At 72 h p.i., the cells were collected by centrifuga-
tion at 2000 g for 5min at 4

�

C, washed in 1x PBS and fixed
in a solution of 4% paraformaldehyde, 0.5% glutaraldehyde
and 0.01% picric acid in 0.1 M sodium cacodylate buffer pH
6.4 with 5% sucrose. After fixation, cells were washed twice
in 0.1 M sodium cacodylate buffer (pH 6.4) followed by 1 h
incubation in 50mM ammonium chloride (pH 7.2). Samples
were washed twice in distilled water and contrasted by incu-
bation overnight with 2% uranyl acetate in the dark at 4

�

C.
The samples were washed twice in distilled water then dehy-
drated in increasing concentrations of acetone (30–90%) for
10min at each concentration. Finally, samples were embed-
ded in LR gold resin and incubated for 72 h at �20

�

C under
ultraviolet light. Thin sections were generated with a Leica
EM UC7 ultramicrotome, placed on nickel grids and incu-
bated 30min in 80mM ammonium chloride diluted in 1x
PBS. The nickel grids containing the samples were incubated
1 h with blocking solution (0.01% Tween 20, 1.5% BSA and

1x PBS) at RT, then incubated for 1 h with primary antibody
(anti-GP64 monoclonal antibody AcV1, which recognizes a
conformational epitope on GP64) [55, 57] in blocking solu-
tion (1 : 50). Afterwards, the grids were washed three times in
1x PBS followed by incubation with a secondary antibody
(anti-mouse IgG conjugated with colloidal gold particles of
10 nM, 1 : 20 dilution; Sigma Immuno Chemicals). Samples
were then washed twice in 1x PBS, once in distilled water,
and analysed by TEM.
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