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Assembly of retrovirus-like particles only requires the expression of the Gag polyprotein precursor. We have
exploited this in the development of a model system for studying the virus particle assembly pathway for bovine
leukemia virus (BLV). BLV is closely related to the human T-cell leukemia viruses (HTLVs), and all are
members of the Deltaretrovirus genus of the Retroviridae family. Overexpression of a BLV Gag polyprotein
containing a carboxy-terminal influenza virus hemagglutinin (HA) epitope tag in mammalian cells led to the
robust production of virus-like particles (VLPs). Site-directed mutations were introduced into HA-tagged Gag
to test the usefulness of this model system for studying certain aspects of the virus assembly pathway. First,
mutations that disrupted the amino-terminal glycine residue that is important for Gag myristylation led to a
drastic reduction in VLP production. Predictably, the nature of the VLP production defect was correlated to
Gag membrane localization. Second, mutation of the PPPY motif (located in the MA domain) greatly reduced
VLP production in the absence of the viral protease. This reduction in VLP production was more severe in the
presence of an active viral protease. Examination of particles by electron microscopy revealed an abundance
of particles that began to pinch off from the plasma membrane but were not completely released from the cell
surface, indicating that the PPPY motif functions as a late domain (L domain).

The assembly of retrovirus particles requires the expression
of the Gag polyprotein precursor (PrGag), which is used as a
principal building scaffold for retrovirus assembly and budding
from infected cells (42, 49). During or after the process of
particle release, the action of the retroviral protease cleaves,
except for the spumaviruses, PrGag into mature matrix (MA),
capsid (CA), and nucleocapsid (NC) proteins (16, 42, 49).

The retrovirus Gag protein has all the necessary information
to mediate intracellular transport to the cell membrane, to
direct assembly of virus particles, and to catalyze the budding
process (9). The events associated with Gag-mediated budding
appear to be similar among different retroviruses. After syn-
thesis of Gag in the cytoplasm, Gag-Gag interactions, Gag-
RNA interactions, Gag-membrane interactions, and Gag-host
protein interactions occur. The targeting of Gag to the cell
membrane leads to a bulging out of the nascent virus particles.
It is clear that each step of the virus assembly process requires
a great degree of precision and involves highly specific macro-
molecular interactions, including protein-protein and protein-
RNA interactions (9, 16).

The expression of retroviral PrGag alone can lead to the
formation of virus-like particles (VLPs). The formation and
release of VLPs occur in the absence of expression of the viral
envelope glycoproteins, reverse transcriptase, or full-length vi-
ral RNA (46). Retroviral RNA can act as a scaffold to facilitate
virus particle assembly (27, 38). In the absence of viral RNA,
cellular RNAs are used and can be found in VLPs.

There are three functional assembly domains in PrGag (31).
Each domain is responsible for a separate function in the
assembly process. The three functional domains are the mem-
brane-binding domain (M domain), the late domain (L do-
main), and the interaction domain (I domain). The M domain
for most retroviruses resides primarily in the MA domain and
contains a myristylation signal (2, 39), while the I domain
resides in the CA and NC domains of Gag.

L domains have been observed to be critical for efficient
pinching off of the virus particle. L domains have been iden-
tified by extensive mutational analysis in many retroviruses (3,
10, 11, 22, 34, 48, 50–52, 54). Different retroviruses may utilize
different viral proteins and structural motifs to accomplish the
same late budding function. Rous sarcoma virus (RSV), mu-
rine leukemia virus (MLV), and Mason-Pfizer monkey virus
(MPMV) all have L domains that consist of a highly conserved
PPPY motif as the core sequence and are located near the
junction of the MA and CA domains in Gag (5, 31, 47, 50–52).
A PPPY motif has been also found in the matrix protein of
rhabdoviruses and can function as an L domain (5). In con-
trast, the L domains of lentiviruses are located at the C termi-
nus of the PrGag and have distinct core motifs, PTAP in human
immunodeficiency virus type 1 (HIV-1) and YXXL in equine
infectious anemia virus (3, 11, 34). The retroviral L domains
are protein-interaction domains and most likely function by
binding to specific cellular proteins that facilitate the late
stages of retroviral particle release (45).

Ubiquitination has been found to be involved in virus par-
ticle release from infected cells, extending earlier studies that
had identified ubiquitin in retrovirus particles (36, 45). Re-
cently, proteins associated with the ubiquitin pathway have
been found that associate ubiquitin with virus particle release.
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Specifically, cellular factors that are associated with the ubiq-
uitin pathway have been shown to interact with L domains (12,
20, 33, 35, 44). The Nedd4-like family of E3 ubiquitin protein
ligases (specifically LDI-1) has been identified as the cellular
protein that interacts with the PPPY motif (20, 33). TSG101, a
putative ubiquitin regulator that is involved in trafficking of
endosomal proteins, has been reported to interact with the
PTAP motif and therefore to be involved in L domain function
(6, 12, 44).

The Deltaretrovirus genus of the Retroviridae family includes
bovine leukemia virus (BLV), human T-cell leukemia virus
type 1 (HTLV-1), and HTLV-2. These viruses replicate to low
titers in their natural hosts and are poorly infectious in cell
culture. Cocultivation is typically used to infect permissive host
cells. Because of these difficulties, information regarding the
molecular details of their life cycles, including virus assembly,
is limited. Aspects of the deltaretrovirus assembly process that
have been studied in some detail include BLV RNA encapsi-
dation, BLV and HTLV-1 Gag myristylation, and the role of
basic residues in MA of HTLV-1 Gag membrane localization
and virus production (1, 17, 21, 23, 24). The primary encapsi-
dation signal of BLV consists of two stable RNA stem-loop
structures (i.e., SL1 and SL2) located just downstream of the
gag start codon (24).

To more easily study the steps involved in the virus assembly
pathway of BLV, we have developed a VLP model system. In
this system, the BLV Gag protein containing a C-terminal
influenza virus hemagglutinin (HA) epitope tag was overex-
pressed in mammalian cells and led to the robust production of
VLPs. A series of site-directed mutations were introduced to
assess the validity of this model system. First, mutations that
disrupted the myristylation signal led to a dramatic reduction
in VLP production. Second, mutations in a PPPY motif in the
MA domain reduced VLP production and resulted in particles
that budded but were not released from cells, as determined by
electron microscopy, indicating that this motif functions as an
L domain.

To create a BLV Gag expression vector, PCR amplification
of the BLV gag gene from BLV-SVNEO (8) was performed to
create a HindIII site immediately upstream of the start codon
and an EcoRI site immediately downstream of the stop codon
by using 5�-AAAAAAAAGCTTGATGGGAAATTCCCCCT
CCTAT-3� as the upstream primer and 5�-AAAAAAGAATT
CTCGTTTTTTGATTTGAGGGTTGG-3� as the downstream
primer. The amplified fragment was digested with HindIII and
EcoRI and cloned into a mammalian HA-tagged expression
vector, pMH (Boehringer Mannheim, Indianapolis, Ind.). The
resulting plasmid, pGag-HA, has a HA epitope tag fused to the
C terminus of the BLV PrGag (Fig. 1A). In these studies,
pGag-HA is the parental construct.

To express BLV PrGag in mammalian cells, COS-1 cells were
transfected with pGag-HA and placed under G418 selection to
obtain stable cells expressing PrGag. Cells were grown in 100-
or 60-mm-diameter dishes in Dulbecco’s modified Eagle me-
dium (GIBCO BRL, Gaithersburg, Md.) supplemented with
10% Fetal Clone III serum (HyClone, Logan, Utah). Superfect
(Qiagen, Valencia, Calif.) was used for transfection of cells.
Two days posttransfection, cells were placed under G418 se-
lection until resistant colonies formed (�3 weeks). Approxi-

mately 100 G418-resistant colonies were pooled and used for
VLP analysis.

To confirm that the Gag detected in the pelleted material
was an indication of VLP formation and release, the stably
transfected COS-1 cells were examined by electron micros-
copy. For thin sectioning, cell pellets were fixed with 2.5%
glutaraldehyde. After dehydration in a grade series of cold
ethanol, the samples were embedded in Epon 812 resin. Ul-
trathin sections (90 nm) were stained with uranyl acetate and
viewed with a Philips CM 12 electron microscope. Figure 1B
(panels A to C) shows representative VLPs that were identified
from the examination of thin sections. The VLPs do not have
an electron dense core due to the absence of a viral protease.
Immature retroviral particles can have an electron dense ring
underneath the viral membrane. This is observed in Fig. 1B but
is not easily observed in the other particles shown. These VLPs
are similar in diameter to the wild-type (wt) BLV particles
produced from fetal lamb kidney cells chronically infected with
BLV (Fig. 1B, panels D to F). The electron dense cores in wt
BLV particles are readily seen. Comparison of the diameter of
the VLPs with that of wt BLV particles indicates that the VLPs
are very similar in size to wt particles.

To further confirm that BLV Gag was being released from
cells as VLPs, we used sucrose density gradient fractionation.
VLPs or wt BLV preparations were pelleted from the culture
supernatant and were resuspended in 0.1 ml of phosphate-
buffered saline (PBS). Resuspended particles were placed onto
a sucrose gradient composed of 10, 20, 30, 40, 50, and 60%
sucrose layers in PBS (0.6 ml each). The gradients were cen-
trifuged at 33,200 rpm at 4°C for 16 h in a Beckman SW60Ti
rotor. Eleven gradient fractions were collected from top to
bottom, and the amount of Gag in each fraction was deter-
mined by Western blotting (Fig. 1C). The majority of the Gag
from wt BLV particles was identified in fractions 5 to 7, with
the peak in fraction 6 (Fig. 1C, bottom panel). The Gag de-
rived from the VLPs was detected only in fractions 5 and 6.
This indicates that the VLPs had a density similar to that of wt
BLV. In total, these data indicate that overexpression of PrGag

in mammalian cells leads to the production of VLPs.
The Gag protein of most retroviruses, including BLV, is

myristylated at the N-terminal glycine residue. The cotransla-
tional addition of the 14-carbon fatty acid myristic acid to the
N-terminal glycine residue plays an essential role in targeting
the Gag precursor to the cell membrane and in the subsequent
assembly, budding, and release of extracellular particles. The
elimination or substitution of the glycine residue in some ret-
roviruses abrogates particle production. To test this for BLV,
three mutant constructs were made. First, the mutant G2A has
the glycine residue immediately after the start codon changed
to an alanine residue and would prevent myristylation of the
BLV PrGag. Second, HA-Gag has an HA epitope tag fused to
the N terminus of Gag and thereby blocks the exposure of the
glycine residue to myristic acid, which would prevent the myri-
stylation of the BLV PrGag. The plasmid pHA-Gag has an HA
epitope tag fused to the N terminus of the BLV PrGag that was
generated similarly by cloning the BLV gag gene into pHM6
(Boehringer Mannheim). Third, the mutant G-HA-Gag was
constructed from HA-Gag by adding an extra glycine before
the HA tag. The additional glycine was added to test if this
residue could restore the myristylation signal. Site-directed
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mutations were added using the QuikChange XL kit (Strat-
agene) according to the manufacturer’s instructions. All mu-
tants made were sequenced to verify the correct introduction
of the desired mutation and the absence of undesired mutations.

Each vector was transfected into COS-1 cells in parallel with
pGag-HA. To prepare VLP samples, the cell culture superna-
tant was clarified (5 min at 700 � g) and the VLPs were
pelleted by centrifugation through a sucrose cushion for 1 h at

FIG. 1. Overexpression of BLV PrGag leads to the production of VLPs. (A) Expression construct used for overexpression of PrGag. The gray
box represents the cytomegalovirus promoter (CMV). The long white rectangular box represents the gag gene with the location of the corre-
sponding MA, CA, and NC protein domains indicated. The influenza virus HA epitope tag is indicated by the thin black box. The bovine growth
hormone polyadenylation signal (pA) is indicated. The locations of the HindIII and EcoRI restriction sites are indicated. (B) Visualization of VLPs
by electron microscopy. Panels A to C show representative VLPs produced from COS-1 cells. The VLPs are immature and do not have core
particles because the viral protease is absent. Panels D to F show representative wt virus particles produced from fetal lamb kidney cells chronically
infected with BLV. The mature cores are readily visible. Bar, 100 nm. (C) Sucrose density gradient fractionation of VLPs. VLPs produced from
COS-1 cells stably transfected with pGag-HA or wt BLV produced from fetal lamb kidney cells chronically infected with BLV were layered onto
a sucrose gradient composed of 10, 20, 30, 40, 50, and 60% sucrose layers. The gradients were centrifuged, and 11 fractions were collected starting
from the top of the centrifuge tubes. Fractionated samples were analyzed for BLV PrGag expression by Western blot analysis using either an
anti-HA Ig (VLPs) or an anti-CA Ig (wt BLV). The locations of the 44-kDa Gag polyprotein (PrGag) and the 24-kDa capsid (p24) protein are
indicated.
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20,000 � g. The pelleted VLPs were resuspended in radioim-
munoprecipitation assay buffer (1% IGEPAL CA-630, a non-
ionic detergent; 50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5%
deoxycholate; 5 mM EDTA; and 0.1% sodium dodecyl sul-
fate). Cell lysates were prepared by trypsinizing and pelleting
VLP-producing cells and then resuspending them in radioim-
munoprecipitation assay buffer. Western blot analysis was
done using a primary antibody directed against the HA epitope
tag (Covance, Berkeley, Calif.) and anti-mouse immunoglob-
ulin (Ig) and a sheep horseradish peroxidase-linked whole an-
tibody as the secondary antibody with the enhanced chemilu-
minescence Western analysis kit (Amersham, Arlington
Heights, Ill.). Each vector was observed to express the Gag

protein in cells at levels comparable to that of the parental
pGag-HA (Fig. 2A). The efficiency of VLP production was
analyzed by determining the percentage of VLP-associated
Gag protein normalized to the amount of Gag in cells. Quan-
titation of band intensities was done using the Quantity One
software package with the Chemi Doc 2000 Documentation
System (Bio-Rad, Richmond, Calif.) according to the manu-
facturer’s specifications. Analysis of VLP production indicated
that the substitution of glycine for alanine in the G2A mutant
drastically reduced VLP production to about one-fifth (19%)
that of the parental vector (Fig. 2A). No BLV PrGag was
detected for HA-Gag, indicating the complete loss of VLP
production. Interestingly, by addition of the additional glycine

FIG. 2. The amino-terminal glycine is required for efficient VLP production and PrGag membrane targeting. (A) VLP production. pGag-HA
and mutants were stably transfected into COS-1 cells. Cell and virion lysates were analyzed by Western blot using an anti-HA antibody. The
Western blots were subjected to quantitative fluorochemical analysis as described in the text. This experiment was repeated three times, with
representative results shown. (B) Cellular distribution of PrGag. Cells stably transfected with VLP constructs were grown on coverslips, fixed, and
incubated with an anti-HA Ig followed by incubation with Alexa Fluor 488-conjugated anti-mouse Ig. Images were collected using a confocal
microscope.

8488 NOTES J. VIROL.



in G-HA-Gag, VLP production could be detected at about half
(56%) the level observed for the parental vector (Fig. 2A).

To further examine the nature of the mutant phenotypes, we
used confocal microscopy to analyze the subcellular localiza-
tion of the Gag proteins. Transfected cells were grown on
coverslips and fixed with 4% paraformaldehyde and perme-
abilized with Triton X-100, both diluted in PBS. The cells were
then incubated with anti-HA antibody followed by incubation
with Alexa Fluor 488-conjugated goat anti-mouse IgG (Molec-
ular Probes, Eugene, Oreg.). Expression of Gag from Gag-HA
yielded a stippled appearance along the plasma membrane
(Fig. 2B). G2A was observed to have both perinuclear and
cytoplasmic distribution (Fig. 2B). Very little plasma mem-
brane staining was observed for G2A, indicating a severe de-
fect in plasma membrane targeting. HA-Gag demonstrated

staining that was primarily intracellular, with a predominant
bright perinuclear halo (Fig. 2B). No peripheral staining was
observed with HA-Gag, indicating that translocation of Gag to
the plasma membrane was severely impaired. In contrast, the
localization of G-HA-Gag led to a cytoplasmic distribution,
though a stippled staining pattern along the plasma membrane
was also observed (Fig. 2B).

A functional L domain is required for the budding and
release of many retroviruses. The RSV, MLV, and MPMV
Gag L domain maps specifically to a proline-rich sequence,
PPPY, located near the MA and CA protein domain junction
in Gag (48, 51, 52). Examination of the protein-coding se-
quence of BLV indicates that a similar PPPY motif is located
in the MA domain near the boundary with CA. To examine the
significance of the PPPY motif in the process of particle bud-

FIG. 3. Mutation of the PPPY motif reduces VLP production. (A) Amino acid substitutions to the conserved PPPY sequence. The PrGag is
shown as described for Fig. 4. The amino acid sequence of PPPY domain and its flanking sequence are expanded. The full-length black line
represents the wt Gag sequence. The alanine substitutions are indicated below and are aligned with the expanded sequence. The name of each
mutant is indicated on the left. (B) Analysis of VLP production. COS-1 cells or 293 cells were stably transfected with pGag-HA or the indicted
mutants. Cell and VLP lysates were analyzed by Western blot using an anti-HA Ig. The Western blots were subjected to quantitative fluorochemical
analysis as described in the text. This experiment was repeated three times, with representative results shown.
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ding and release, a series of mutations were introduced into
pGag-HA (Fig. 3A). In the APPY, PAPY, PPAY, and PPPA
mutants, each residue within the PPPY motif was individually
replaced with alanine. In the mutant AAAA, all four residues
in the PPPY motif replaced alanine residues.

To test the influence of the PPPY mutants on VLP produc-
tion, COS-1 cells were transfected in parallel with the parental
construct and each mutant. Analysis of Gag expression in cells
and subsequent VLP production indicated that, for each of the
alanine substitution mutants, there was a general decrease in
the release of VLPs (Fig. 3B). Again, the efficiency of VLP
production was analyzed by determining the percentage of
VLP-associated Gag protein normalized to the amount of Gag
in cells. The reduction in VLP production was most pro-
nounced for APPY, PAPY, and AAAA, where there was a
reduction in VLP production that was approximately half (42,
45, and 42%, respectively) that of the parental construct. These
results indicate that mutations in the PPPY motif can signifi-
cantly reduce VLP production and suggest that this motif may
function as an L domain.

Recent observations have indicated that L domain function
can be cell type dependent (7). To test this for BLV, the panel
of PPPY mutants was tested in parallel in 293 cells for expres-
sion in cells and for production of VLPs. As was observed with
COS-1 cells, there was a general decrease in VLP release for
each of the mutants tested (Fig. 3B). In particular, the APPY
and AAAA mutants were most pronounced, reducing VLP
production to approximately one-fourth (26 and 28%, respec-
tively) that of the parental construct. These results provide
further evidence in support of the PPPY motif functioning as
an L domain.

Previous studies have indicated that perturbation of Gag
precursor processing can severely impair the assembly of in-
fectious virions (18, 19). In previous studies with HIV-1, a less
severe L domain defect was observed when protease function
was absent (15). To determine if the presence of protease
activity can enhance the VLP production defect observed by
mutation of the PPPY motif, we examined the phenotype of
the PPPY domain mutant in the context of an active viral
protease (Fig. 4). The construct expressing Gag and the viral
protease (PR�) was transfected into 293 cells in parallel with
PR�/AAAA, a derivative with the PPPY motif mutated to
AAAA. The production of VLPs was monitored by Western
blotting using an anti-BLV CA monoclonal antibody (i.e.,
BLV3) (VMRD, Pullman, Wash.). As anticipated for a PR�
clone, the completely processed BLV CA was detected in both
PR� and PR�/AAAA, demonstrating the expression of the
viral protease (Fig. 4A). Although not readily observed from
cell lysates, PrGag was observed with longer exposures (data
not shown). VLP production for PR�/AAAA was reduced to
about 1/20 (5%) that of PR�. An incompletely processed Gag
intermediate and a small amount of unprocessed Gag precur-
sor could also be readily observed with PR� but not in PR�/
AAAA. This was presumably due to the relative abundance of
VLPs produced by PR� to that of PR�/AAAA. These obser-
vations in total indicate that the effect of the PPPY motif on
VLP production was more pronounced in the context of an
active protease.

Finally, we used electron microscopy to determine if the
reductions in VLP production that we had observed correlated

with defects in virus release. By comparing VLP production of
wt BLV with that of PR�/AAAA, we observed a very high
proportion of budding virus particles that did not release from
cells compared to that of wt BLV (Fig. 4B). Interestingly,
VLPs with donut-shaped (immature) cores were observed for
PR�/AAAA. The high proportion of VLPs observed for PR�/
AAAA that did not release from cells provide further support
that the PPPY motif functions as an L domain. It is interesting
that no long “strings” of particles were observed like those
seen with HIV-1 and MLV L domain mutants.

We have described a model system that overexpresses the
BLV PrGag in mammalian cells and have demonstrated that
this leads to the assembly, budding, and release of VLPs. Our
observations that overexpression of Gag leads to the produc-
tion of VLPs is similar to observations made with other retro-
viruses, including BLV, that relied on the use of recombinant
vaccinia viruses (14) or recombinant baculovirus systems (1, 17,
37, 43).

Gag proteins of many retroviruses are myristylated at the
N-terminal glycine residue, and the covalent attachment of
myristic acid is required for efficient membrane association
and virion formation (2, 30, 32, 39–41). We found that muta-
tion of the N-terminal glycine led to a dramatic reduction in
VLP production, similar to previous observations made with
BLV Gag expressed from a baculovirus vector in insect cells
(17). The mutation of the N-terminal glycine also led to a
dramatic reduction in the ability of PrGag to localize at the
plasma membrane. When an HA epitope tag was fused to the
N terminus of PrGag, N-terminal myristylation of Gag was
blocked, and VLP production along with localization of Gag to
the plasma membrane was severely impaired. However, addi-
tion of a glycine in front of HA-Gag restored VLP production.

Two observations suggest that the N-terminal glycine resi-
due alone was not sufficient for efficient PrGag membrane bind-
ing and VLP production. First, the mutant G2A severely im-
paired but did not completely eliminate VLP production. It is
worth noting that, in previous studies with BLV and HTLV-1,
mutation of the N-terminal glycine eliminated detectable par-
ticle production (1, 17, 21). It is possible that the level of Gag
expression in our system was high enough that low-level VLP
production was detected, whereas it was not in previous re-
ports. Second, the G-HA-Gag mutant restored VLP produc-
tion, presumably by restoration of PrGag myristylation, though
this has not been formally tested. Studies with HIV-1 have
demonstrated that hydrophobic residues within the first 14
amino acids of HIV-1 Gag can enhance the interaction with
the plasma membrane (28, 29, 54). Extensive mutagenesis of
the N-terminal residues of the HIV-1 Gag has indicated that
the first five residues blocked or impaired Gag myristylation
(29), while mutation of residues 6, 7, and 8 reduced membrane
binding without affecting N-terminal myristylation (28). In
light of these observations with HIV-1, the restored VLP pro-
duction phenotype observed with the G-HA-Gag may be due
to the introduction of an N-terminal glycine residue but with
the proviso that the HA sequence disrupted the myristylation
signal and prevented restoration to wt levels. The nature of the
restored VLP production phenotype for G-HA-Gag is pres-
ently not completely understood and needs to be further in-
vestigated. The results with HIV-1 support the myristyl switch
model for the regulation of Gag membrane binding, which
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FIG. 4. The PPPY motif functions as an L domain. (A) An active protease enhances the L domain defect. 293 cells were transfected with PR�
or PR�/AAAA. Two days posttransfection, cell and VLP lysates were made and analyzed by Western blot using an anti-CA Ig. The Western blots
were subjected to quantitative fluorochemical analysis as described in the text. This experiment was repeated three times, with representative
results shown. (B) Visualization of the L domain defect. Representative VLPs budding but not released from 293 cells are shown (PR�/AAAA).
The VLPs appear to be undergoing core maturation, presumably due to the activation of the viral protease. Representative particles released from
293 cells are also shown for the parental BLV vector construct (PR�). Arrows point to the location of budding particles. Bar, 100 nm.
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proposes that membrane binding is determined by the degree
of exposure or sequestration of the N-terminal myristate moi-
ety. The electrostatic interaction between a cluster of basic
amino acids positioned between residues 15 and 31 in HIV-1
MA and acidic membrane phospholipids can stabilize the pro-
tein-lipid association and can potentially contribute more bind-
ing energy than the hydrophobic myristate moiety (13, 28, 32,
54). This is further supported by the fact that the PrGag of
several retroviruses, including RSV, visna virus, equine infec-
tious anemia virus, and caprine arthritis-encephalitis virus, is
fully capable of membrane targeting and budding without the
need of myristylation (26, 49). Therefore, the proximity of
myristate with downstream residues can be important for
membrane targeting and VLP production. In total, analysis of
the affects of site-directed mutations for all the residues near
the N terminus of the BLV PrGag will help establish the roles
of these residues in Gag membrane targeting.

Basic residues in the BLV MA domain likely play a role in
PrGag membrane binding. The majority of the basic residues in
BLV MA are not concentrated at the N terminus but appear
on one side of the molecule within the three-dimensional struc-
ture (4, 25). This could create a basic surface exposed to the
solvent that is ideally situated for the interaction with acidic
phospholipid headgroups of the inner face of the membrane.
We are presently investigating the role of the basic residues in
BLV MA in PrGag membrane binding.

We have shown that mutagenesis of the PPPY motif in the
MA domain of PrGag plays an important role in VLP release.
PPPY mutants displayed a reduced level of VLP production
from COS-1 cells that appears more pronounced when 293
cells are used. The PPPY mutant phenotype also appeared
more pronounced in the presence of the viral protease. An
abundance of budding particles that had not been released by
cells was commonly seen with the PPPY mutants, which is in
stark contrast to that observed with the wt particles. Interest-
ingly, most of the budding particles for the PR�/AAAA mu-
tant that had not released had developing core particles. This
indicates the presence of viral protease activity prior to release
of the VLP. This is in contrast to what has been observed for
HIV-1 (6). However, our observations could be influenced by
the overexpression of Gag in the VLP-producing cells.

In this study, the individual exchange of an alanine residue
with a residue in the PPPY motif led to a significant reduction
in VLP production, as did the simultaneous exchange of the
PPPY motif with four alanine residues. With MPMV, each
residue in the PPPY motif was found to be critical for late
domain function, but the tyrosine residue appeared to be more
important (51). The individual proline residues in the PPPY
motif of RSV were found to equally influence virus budding
when mutated to glycine (50). The simultaneous exchange of
the PPPY motif in MLV with alanine residues resulted in a
significant defect in virus budding (53).

Our finding that the viral protease enhanced the phenotype
of the PPPY mutants is similar to an observation made with
HIV-1, where the inactivation of the viral protease alleviated
the requirement of the PTAP motif in virus release (15). In-
terestingly, in both RSV and MPMV, protease inactivation did
not alter the requirement of the late domains for budding (48,
51).

In summary, we have described a BLV-like particle model

system to study virus assembly and release. The data presented
indicate that aspects of Gag membrane targeting and virus
release can be analyzed. Given the difficulties in studying the
molecular biology of the deltaretroviruses, this model system
will greatly facilitate future molecular analyses.
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