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PR Domain of Rous Sarcoma Virus Gag Causes an
Assembly/Budding Defect in Insect Cells
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While baculovirus expression of Gag proteins from numerous retroviruses has led reliably to production of
virus-like particles (VLPs), we observed that expression of Rous sarcoma virus Gag failed to produce VLPs.
Transmission and scanning electron microscopy analysis revealed that the Gag protein reached the plasma
membrane but was unable to correctly form particles. Addition of a myristylation signal had no effect on the
budding defect, but deletion of the PR domain of Gag restored normal budding. The resulting VLPs were
morphologically distinct from human immunodeficiency virus type 1 VLPs expressed in parallel.

The baculovirus expression system has been widely used in
the study of retrovirus assembly, with examples including hu-
man immunodeficiency virus (HIV) types 1 and 2; simian,
bovine, and feline immunodeficiency viruses; Mason-Pfizer
monkey virus, and human T-cell lymphotropic virus type 2 as
well as the retrotransposon TED and the human endogenous
retrovirus HERV-K (2, 4, 9, 11, 12, 16, 22, 26, 27). In each case,
expression of the gag gene led to the production of regular
virus-like particles (VLPs). In contrast, we have found that the
Rous sarcoma virus (RSV) Gag protein is an exception; over-
expression of the gag gene yielded high levels of protein but
negligible production of extracellular VLPs.

Two aspects of RSV Gag distinguish it from the other ret-
roviral Gag proteins. First, RSV Gag is not myristylated at its
N terminus (13). Myristylation is known to be required for
budding of most of the well-studied retroviruses (17, 18). Sim-
ilarly, when a single amino acid change to abolish myristylation
was introduced into baculovirus-produced SIV or HIV-1 Gag,
intracellular VLPs were still produced, but they were unable to
exit the cells (2, 4). Hence, it seemed possible that the budding
defect of RSV is due to lack of myristylation. Second, unlike
most other retroviruses, RSV encodes the viral protease (PR)
as part of Gag. Retroviral PR domains cause difficulties in
overexpression systems at two different levels. Proteins encod-
ing an active PR domain inevitably are poorly produced in the
baculovirus system (7), presumably because the PR enzyme is
cytotoxic. For some purposes this difficulty can be overcome by
using an active-site mutant of PR. In addition, retroviral PR
domains are extremely insoluble (6, 10, 21). Expression of an
HIV-1 Gag protein with an inactivated PR domain at its C
terminus (creating a molecule equivalent to RSV Gag) re-
sulted in a reduction of extracellular VLP production by 5- to
10-fold compared with wild-type Gag, and the particles pro-
duced had a lower density and were irregular in shape (19).
These data suggest that the PR domain might lead to unnat-

ural aggregation or precipitation of RSV Gag in the baculovi-
rus overexpression system, in effect preventing proper budding.

To investigate the possible causes of the RSV-specific bud-
ding defect in insect cells, we created three recombinant
baculoviruses (Fig. 1). The first expresses the Gag mutant
Myr2, which carries an artificially introduced N-terminal myri-
stylation signal. This mutant is infectious when introduced into
an RSV proviral construct (14). The second recombinant bac-
ulovirus, DPR, expresses an RSV Gag mutant in which the first
amino acid of the PR domain is replaced by a stop codon,
effectively deleting the PR domain. The third baculovirus,
Myr0, expresses RSV Gag with a wild-type membrane-binding
domain. The Myr2, Myr0, and DPR constructs were originally
subcloned into the baculovirus transfer vector pFastBac1 (Life
Technologies) from plasmids pSV.Myr2 (14), pDSV.Myr0 (29),
and pET3xcGagDPR (1a), respectively, using standard cloning
techniques (Fig. 1). Constructs then were shuttled into bacu-
lovirus according to the Bac-to-Bac baculovirus expression sys-
tem protocol (Life Technologies). In initial experiments, Gag
constructs which contained active PR were used, but it was
found that the protein yield from these constructs was extraor-
dinarily low, presumably due to PR-associated toxicity (data
not shown). To avoid this PR-associated toxicity, the PR do-
mains of Myr0 and Myr2 were exchanged with the inactivated
PR domain from plasmid pgag.neo.D37N (25). The recombi-
nant baculovirus Gag12myr (20) expressing wild-type HIV-1
Gag was used as a positive control for assembly and budding.

To determine the optimal time of protein expression, single
flasks of Sf9 cells growing in suspension culture were infected
at a multiplicity of infection of 0.1, and samples were harvested
each day for 5 days. With each virus, the total Gag protein both
inside the cells and in the medium increased progressively until
day 3. After that, the level of extracellular Gag stabilized, while
intracellular Gag decreased dramatically, presumably due to
protein degradation (data not shown). For this reason, all
budding assays were performed by infecting at the same low
multiplicity of infection and collecting virus 2 to 3 days postin-
fection. Gag protein from each baculovirus clone was initially
characterized by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis. Infected Sf9 cells were
steady-state labeled with [35S] methionine (2 mCi/ml) in me-
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thionine-reduced medium (0.1 mM methionine) from 1 day
postinfection until collection at 3 days postinfection. VLPs
were collected from culture medium by centrifugation through
a 10% sucrose cushion at 100,000 3 g for 90 min. Proteins were
separated by SDS–15% PAGE and detected by PhosphorIm-
ager analysis of fixed, dried gels (Fig. 2). In order to highlight
the differences among the viruses, 10 times more of the VLP
pellet than of the cell lysate (as a percentage of the total) was
loaded. The results from several experiments showed that less
than 5% of Myr0 and Myr2 protein was released into the
medium in particulate form, whereas 15 to 25% of DPR pro-
tein and 30 to 50% of HIV-1 protein was released. In the
particular experiment shown, the percentage of total viral pro-
tein detected in the medium was 40, 20, 2, and 2% for HIV,
DPR, Myr2, and Myr0, respectively.

Compared with the DPR and HIV-1 Gag proteins, the Myr0
and Myr2 proteins in cell lysates differed markedly in solubility.
For example, in a pulse-chase experiment, baculovirus-infected
cells were labeled for 20 min with [35S]methionine, and then
lysates were prepared in RIPA buffer (150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris[pH 7.0]).
While over 80% of the newly synthesized DPR and HIV-1 Gag
was soluble in these conditions, over 60% of the Myr2 protein
was insoluble, as evidenced by ability to be collected by cen-
trifugation for 5 min at 14,000 3 g (data not shown). Similar
results were obtained after different chase times. Myr0 Gag
was not analyzed by pulse-chase but was identical to Myr2 in
other solubility experiments. This information led us to hy-
pothesize that Myr0 and Myr2 proteins do not bud properly
because they are shuttled into inclusion bodies and conse-
quently do not reach the plasma membrane. To test this hy-

pothesis, infected cells as well as VLP pellets from each virus
were thin sectioned and viewed by transmission electron mi-
croscopy (TEM). For TEM analysis, infected cells and VLPs
were harvested 3 days postinfection, fixed with 2.5% glutaral-
dehyde, postfixed with 1% osmium tetroxide, dehydrated
through a graded series of ethanol and ethanol-Spurr (23)
washes, and embedded in pure Spurr. Embedded samples were
thin sectioned and viewed on a Phillips 301 transmission elec-
tron microscope.

No occluded masses of proteins or clusters of assembled
particles were detected by TEM within cells infected with Myr0
or Myr2 (not shown). However, thin sections at the plasma
membrane showed abnormal structures for Myr0 and Myr2.
While DPR-infected and HIV-1-infected cells displayed regu-
lar retrovirus-like particles budding at the plasma membrane
(Fig. 3A and E, respectively), Myr0-infected and Myr2-in-
fected cells displayed dense aggregates at the plasma mem-
brane that vaguely resembled incompletely formed particles
(shown for Myr2 in Fig. 3C). Immunofluorescence analysis by
confocal microscopy confirmed that each of the RSV proteins
resided predominantly at the plasma membrane (not shown).
Images of thin-sectioned viral pellets collected from the me-
dium reflect what was seen at the plasma membrane (Fig. 3B,
D, and F). While all pellets contained regular, rod-shaped
baculovirus particles, only HIV-1 and DPR pellets showed ev-
idence of regular VLPs resembling immature retroviruses. The
Myr0 and Myr2 pellets contained what appear to be irregular
or broken particles. In conclusion, although each of the RSV
Gag proteins was able to reach the plasma membrane, DPR
was the only RSV protein able to properly assemble into viral
particles. We take these observations as evidence that mem-
brane targeting is not compromised in Myr0 or Myr2.

VLPs produced by the DPR construct exhibit a morphology
distinct from other VLPs. All baculovirus-produced retroviral
VLPs that have been reported are similar to HIV-1 VLPs,
exhibiting a dense inner ring very near the surface of the
particle (2, 4, 11, 12, 16, 22, 26). The inner ring observed in
DPR particles, however, was distinctly closer to the center. To
highlight the difference between the two types of VLPs, a

FIG. 1. Baculovirus clones used in this study. Boxed amino acid
sequence represents wild-type sequence (top) and altered Myr2 se-
quence (bottom). The X through the PR domain denotes an inactive
protease. Numbers represent amino acid positions of domain borders.

FIG. 2. SDS-PAGE analysis of VLP production. (A) 35S detection.
(B) Western blots. The amount of cells or medium loaded on the gel
is shown above each well.
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FIG. 3. Thin-section TEM. (A, C, and E) Plasma membrane of Sf9 cells infected with DPR, Myr2, and HIV-1, respectively. (B, D, and F) VLP
pellets from growth medium of cells infected with DPR, Myr2, and HIV-1, respectively. (G) Mixed pellet containing both DPR and HIV-1 VLPs.
(H) Infectious RSV particles. The RSV is infectious virus of the RCAS strain (15). Solid triangles indicate RSV VLPs, open triangles show HIV-1
VLPs, and arrows show baculovirus particles. Bars, 100 nm.
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mixed pellet of HIV-1 and DPR particles was sectioned and
viewed by TEM (Fig. 3G). In addition to the difference in
morphology, the DPR particles were noticeably smaller than
HIV-1 VLPs. The size distributions of VLPs and of the dark
inner rings of RSV DPR, HIV-1, and authentic infectious RSV
(Fig. 3H) collected from infected turkey cells are shown in Fig.
4. DPR VLPs were relatively homogenous in size but were
approximately 10 to 15 nm smaller in diameter than mature
infectious RSV (RCAS strain), and approximately 40 nm
smaller than HIV-1 VLPs. The diameter of the dark inner ring
of DPR particles was approximately half the diameter of the
ring from HIV-1 particles.

To provide a better overview of the altered budding struc-
tures, infected cells were also examined by scanning electron
microscopy (SEM) (Fig. 5). Cells and VLPs were harvested at
3 days postinfection, fixed with 2.5% glutaraldehyde, postfixed
with 1% osmium tetroxide, dehydrated through a graded series
of ethanol washes, critical point dried, mounted onto alumi-
num stubs, and viewed on a Hitachi 4500 SEM. The surface of
cells infected with baculoviruses expressing DPR or HIV-1
(Fig. 5B and D, respectively) was covered with clusters of

perfectly round VLPs. In contrast, the surface of cells express-
ing Myr0 or Myr2 showed irregular, lumpy, or imperfectly
spherical budding structures (Fig. 5C).

An important conclusion from this work is that the RSV Gag
protein is defective for budding when highly expressed in insect
cells. A similar finding has recently been reported for the Gag
protein of human T-cell leukemia virus (1). The RSV defect is
caused by the presence of the PR domain and not by a failure
of the protein to reach the plasma membrane. Since RSV Gag
buds properly from both mammalian and avian cells (8, 24),
the budding defect is either due to the cell type or peculiar to
the baculovirus expression system. We speculate that a chap-
erone activity in vertebrate cells promotes proper folding and
assembly of PR-containing proteins and that this activity is not
present in invertebrate cells or is quantitatively insufficient in
the baculovirus system. Other differences between insect and
vertebrate cells also might contribute to or be responsible for
the budding defect, for example, growth temperature and
membrane composition.

A further conclusion is that baculovirus-produced DPR par-
ticles viewed by thin-section TEM are 10 to 15 nm smaller in
average diameter than infectious RSV particles collected from
avian cells. Although this difference is distinct, the size distri-
butions of the two viruses do overlap. Several explanations
might account for this difference. First, the membrane of in-
fectious RSV is studded with viral envelope proteins, possibly
making the membrane and therefore the particle diameter
appear thicker than the membrane of the baculovirus-pro-
duced particles. Second, because the DPR protein is 124 amino
acids smaller than wild-type Gag, it could pack differently,
yielding a particle with a smaller radius of curvature. Third, the
maturation triggered by proteolytic processing of wild-type
Gag conceivably could lead to expansion of the diameter of the
virion. This explanation seems the least likely, as protease-
deficient and wild-type murine leukemia virus particles mea-
sured by cryo-EM have identical diameters (30).

Finally, DPR VLPs are distinct from HIV-1 VLPs in both
size and morphology. The larger size of the HIV-1 VLPs is
striking, with an observed 40-nm-larger particle diameter, im-
plying about a twofold difference in volume. The size differ-
ence does not correlate with genome lengths, which are similar
for RSV and HIV-1. The measurements by thin-section TEM
are approximately 20% smaller than has been reported for
RSV and HIV-1 particles analyzed more accurately by
cryo-EM (3, 5; R. L. Kingston, personal communication). This
degree of shrinkage commonly occurs during the fixation and
dehydration procedures. The DPR particles are morphologi-
cally distinct from HIV-1 particles in that the dark inner rings
of DPR particles are both smaller, approximately half the di-
ameter, and more central than the rings in HIV-1 particles.
The difference in the organization of the Gag domains of the
DPR and HIV-1 Gag proteins in part may account for these
observed differences. The N terminus of RSV CA begins at
amino acid residue 239, while that of HIV-1 CA begins at
residue 132. Overall, the differences between the baculovirus-
expressed RSV DPR and HIV-1 Gag particles imply a different
Gag stoichiometry. The estimated number of Gag molecules in
wild-type RSV is about 1,500 (28), and in particles assembled
in vitro it is about 1,200 (31). Similar measurements have not
been reported for HIV-1.

FIG. 4. Size distribution of particles and inner rings. BV RSV and
BV HIV-1 are baculovirus produced DPR and HIV-1 VLPs, respec-
tively. Numbers in parentheses are the standard deviations of the
particle sizes. n, number of particles counted.
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