Ubiquitin is part of the retrovirus budding machinery
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Retroviruses contain relatively large amounts of ubiquitin, but the
significance of this finding has been unknown. Here, we show that
drugs that are known to reduce the level of free ubiquitin in the cell
dramatically reduced the release of Rous sarcoma virus, an avian
retrovirus. This effect was suppressed by overexpressing ubiquitin
and also by directly fusing ubiquitin to the C terminus of Gag, the
viral protein that directs budding and particle release. The block to
budding was found to be at the plasma membrane, and electron
microscopy revealed that the reduced level of ubiquitin results in
a failure of mature virus particles to separate from each other and
from the plasma membrane during budding. These data indicate
that ubiquitin is actually part of the budding machinery.

biquitin (Ub) is a 76-aa protein present in cells either as a

free molecule or covalently attached to lysines in a wide
variety of proteins. Polyubiquitation of short-lived proteins
serves as a “tag” for proteolysis mediated by the 26S proteasome
(1). However, Ub also has other roles in the cell, including one
at the plasma membrane, where monoubiquitination of certain
receptor proteins promotes their internalization and down-
regulation in a proteasome-independent manner (2-4). The
mechanism by which Ub triggers endocytosis of cell surface
proteins is currently unclear, but recent work suggests that an
endocytic signal within Ub plays a critical role (3, 5).

The plasma membrane is also the site of budding for retro-
viruses, and, 10 years ago, Volker Vogt and his colleagues (6)
showed that avian retroviruses contain unexpectedly large
amounts of free Ub, amounting to about 100 molecules per
virion. This level is 5-fold higher than that of unconjugated Ub
in the cytosol, and packaging appears to be specific because
other low molecular weight proteins were not detected in the
virions. More recently, similar amounts of free Ub have been
found in HIV-1, simian immunodeficiency virus, and murine
leukemia virus (7). The mechanism by which Ub is packaged into
retrovirions is unknown, but it does not involve the viral glyco-
proteins (Env) because mutants that lack these still contain Ub
(6). In some cases (7), a small amount (about 30%) of the
virion-associated Ub has been found to be conjugated to Gag
(Fig. 1), the viral protein responsible for particle assembly and
budding (8); however, the Ub ligases involved have not been
identified, and the significance of Ub for budding has been
unknown.

In contrast to the role of Ub, a great deal is known about the
functions of Gag proteins in virus assembly and budding (8).
These proteins (Fig. 1) are synthesized on free ribosomes and are
subsequently directed to the cytoplasmic face of the plasma
membrane by their N-terminal membrane-binding (M) domains.
There, approximately 1,500 molecules (9) are packed together
into very tight complexes, primarily by means of their interaction
(I) domains. The M and I domains lead to the emergence of buds
on the surface of the cell, but these are not efficiently released
unless the “late” (L) domain is present. Although the amino acid
sequences of M, I, and L are not conserved, these domains are
functionally equivalent and exchangeable, even between dis-
tantly related viruses. The function provided by L domains is also
positionally independent (10).

L domains are thought to recruit the cellular machinery
needed for virus—cell separation on the plasma membrane. In
the case of avian retroviruses, the critical residues of the L

domain, PPPPY, are contained within the p2b sequence (Fig. 1)
and have been shown to be a ligand for WW domains (11-13).
Asimilar sequence has been found in the p12 sequence of murine
leukemia virus (14), the ppl6 protein of Mason-Pfizer monkey
virus (15), and the matrix protein of rhabdoviruses (16, 17). For
HIV-1, the critical residues are PTAP (18, 19), located in the p6
product, and these are possibly involved in binding with an SH3
domain. For equine infectious anemia virus, the critical residues
are YPDL in the p9 sequence (20), and these have been shown
to bind to and colocalize with adaptor protein (AP)-2, a com-
ponent of the endocytic machinery on the plasma mem-
brane (21).

Interestingly, there appears to be a correlation between L
domains and Ub. In those viruses where Ub has been found to
be linked to Gag, the conjugated lysines are in very close
proximity to the L domain (7), and ubiquitination of Gag
proteins has been found to be L. domain-dependent [see accom-
panying paper by Strack et al. (22)]. Moreover, a search for
proteins that bind to the Rous sarcoma virus (RSV) late domain
has turned up the WW-containing protein Nedd4, a Ub ligase
involved in down regulating sodium channels from the plasma
membrane (J. Leis, personal communication).

Our experiments were inspired by the discovery that budding
and proteolytic maturation of HIV-1 is reduced when infected
cells are treated with a variety of proteasome inhibitors [see
accompanying paper by Schubert ef al. (23)]. The block appears
to be at the plasma membrane and is reminiscent to that of L
domain mutants. There are two hypotheses that could explain
this defect. One is that misfolded Gag proteins, which would
normally be targeted for destruction by the proteasome, inter-
fere with budding as they accumulate in the drug-treated cells.
The other possibility is that Ub plays an active role in budding,
either as part of Gag or as part of another host protein. In this
second hypothesis, there is no role for the proteasome, and the
inhibitors merely provide a way to reduce the levels of free Ub
in the cell (24).

To test these hypotheses, we made use of RSV, an avian
retrovirus. We found that the release of RSV from infected cells
is dramatically reduced in response to proteasome inhibitors.
This effect can be substantially overcome by overexpressing Ub
in trans or as a Gag-Ub fusion. These results argue against the
misfolded protein hypothesis and strongly suggest that Ub is a
component of the retrovirus budding machinery.

Materials and Methods

Cell Lines and DNAs. QT6 cells, a line of transformed quail cells
(25), were cultured in F10 medium (GIBCO) supplemented with
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Fig. 1. RSV Gag derivatives used in this study. The wild-type polyprotein is

shown at the top and its proteolytic cleavage products are indicated. The
domains required for budding are indicated below Gag. The M domain
mediates the binding of Gag to the cytoplasmic face of the plasma membrane.
The | domains provide the major regions of interaction among the 1,500
molecules that create a virion particle. The L domain is required for the
virus—cell separation steps that occur late in the budding pathway. The
foreign sequences in Gag-GFP, Gag-Ub, T10C-GFP, and T10C-Ub replace the
protease (PR) sequence and the last six residues of the nucleocapsid (NC)
sequence.

10% tryptose phosphate broth, 5% FCS, and 1% chicken serum.
pRCVS, a plasmid containing an infectious copy of the RSV
Prague C genome, has been previously described (26), as has Gag
deletion mutant T10C, which lacks the L domain (10, 12).
pGag-GFP, pT10C-GFP, pGag-Ub, and pT10C-Ub were con-
structed by using pEGFP-N2 (CLONTECH). Initially, the RSV
gag gene, minus the coding sequences for the last six residues of
nucleocapsid and the entire protease, was inserted between the
SstI and Apal sites to create a Gag-GFP fusion (27). Subse-
quently, the T10C deletion was introduced into pGag-GFP to
create pT10C-GFP, and later, the human Ub sequence (minus
the C-terminal glycine normally involved in linkage to lysines;
refs. 28-30) was inserted in the place of GFP to create Gag-Ub
and T10C-Ub.

Proteasome Inhibitors. MG-132 (also known as zLLL) and lacta-
cystin were obtained from Calbiochem, whereas epoxomicin and
boro-MG-132 were kind gifts from Ulrich Schubert (National
Institute of Allergy and Infectious Diseases, Bethesda, MD). All
of the inhibitors were dissolved in DMSO and used within 2 wk
at the final concentrations indicated in the text.

Budding Assay, Metabolic Labeling, and Immunoprecipitation. RSV-
infected QT6 cells were either untreated, pretreated with pro-
teasome inhibitor for 90 min in addition to treatment for 2.5 h
during the metabolic labeling period with [3*S]methionine, or
treated only during the labeling period. Alternatively, QT6 cells
were transfected with the indicated DNA constructs by the
calcium phosphate transfection method, and, the next day,
transfected cells were MG-132-treated as mentioned above. The
cells and particles in the growth medium were detergent lysed,
and the Gag proteins were immunoprecipitated with polyclonal
rabbit serum against whole RSV by using previously described
methods (31). Proteins were separated by electrophoresis in
SDS/12% polyacrylamide gels, which were then fixed and dried.
The labeled proteins were detected by autoradiography using
Kodak X-Omat ARS film at —80°C. The negative impact of
MG-132 on budding was quantitated by using a PhosphorImager
(Molecular Dynamics).

The levels of free Ub present in MG-132-treated cells were
measured by standard immunoblotting techniques using rabbit
anti-Ub serum (kindly provided by Caroline E. Shamu, Depart-
ment of Cell Biology, Harvard Medical School, Boston).
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Confocal Microscopy. QT6 cells were transfected with the indi-
cated pGag-GFP constructs, and, 24 h later, the cells were
treated for 3 h with either DMSO (vehicle control) or 80 uM
MG-132, and analyzed directly by confocal microscopy (Zeiss).

Electron Microscopy. RSV-infected QT6 cells on Permanox dishes
(Electron Microscopy Sciences, Fort Washington, PA) were
treated for 3 h with DMSO (negative control) or 80 uM MG-132
before the analysis. Cells were fixed, dehydrated, embedded, and
sectioned for electron microscopy by using standard methods.

Results

Negative Effects of Proteasome Inhibitors on RSV Budding. To de-
termine whether proteasome inhibitors affect budding of RSV as
they do HIV-1 (23), infected cells were treated with carboben-
zoxy-L-leucyl-L-leucyl-L-leucinal (MG-132), a reversible peptide
aldehyde inhibitor of the proteasome. As assayed by [**S]me-
thionine labeling, we found that the release of RSV from
infected cells is dramatically reduced in response to MG-132
(Fig. 24, lanes 1 and 2). Pretreatment of the cells for 90 min
before labeling resulted in a greater defect than adding the drug
only during the labeling (Fig. 2B). Budding was reduced to a
similar extent by treatments with 20 uM lactacystin (32), 20 uM
epoxomicin (33), or 20 uM boro-MG-132 (34), three inhibitors
that have greater specificity for the proteasome than MG-132
(not shown). Quantitation of data from multiple experiments
reveals that treatment with MG-132 reduces proteolytic cleavage
of Gag by approximately 25-50%, a much milder effect than that
seen for HIV-1 (23).

We also examined the effects of MG-132 on Gag-GFP (Fig. 1).
This chimera normally produces particles with the same high
efficiency as wild-type Gag (27), even though it has the green
fluorescence protein (GFP) inserted in the place of the viral
protease (PR). MG-132 inhibited the release of this chimera to
the same degree observed for authentic RSV (Fig. 24, lanes 3
and 4; and Fig. 2B), indicating that none of the other viral
products, including Env and PR, is involved.

Restoration of Budding by Ub Overexpression. When proteasomes
are inhibited, the levels of free Ub in mammalian cells are rapidly
reduced (23, 24). This is true also in drug-treated QT6 cells,
where MG-132 treatment reduced free Ub to 30% of normal
within 30 min and to <5% of untreated levels within 90 min, as
assayed by immunoblotting (data not shown). With this in mind,
we decided to test the effects of overexpressing Ub. If the sole
purpose of Gag ubiquitination is to tag misfolded proteins for
destruction by proteasomes, then overexpression of Ub in MG-
132-treated cells would not restore any degree of budding
because there would still be no means for eliminating the
interfering Gag molecules. However, if Ub plays an active role
in the budding mechanism and the drug-induced block is a result
of not having enough free Ub to provide that function, then
overexpression should suppress the effects of MG-132. We found
that overexpression of Ub has the effect of increasing budding in
the presence of MG-132 (Fig. 3). In the absence of MG-132,
overexpression of Ub typically resulted in approximately 3-fold
increase in free Ub levels, whereas, in the presence of MG-132,
an approximately 5-fold increase in free Ub levels was obtained
by overexpression of the plasmid (data not shown). The in-
creased levels of Ub did not bring budding back to the level of
untreated controls, and this is likely because of the fact that
proteasome inhibitors exert a wide variety of “nonspecific”
effects on cells, which include a generalized decrease in protein
synthesis, while inducing the selective synthesis of heat shock
proteins hsp72 and hsp90 (24), and not all of these would be
expected to be suppressed by the overexpression of Ub. Never-
theless, our data show that a specific gene product (Ub) can
largely restore budding to MG-132-treated cells.

Patnaik et al.
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Fig. 2. Proteasome inhibitors block RSV budding. (4) RSV-infected QT6
(quail) cells were untreated (lanes 1) or pretreated with 80 uM MG-132 for 90
min before metabolically labeling with [3*S]methionine for 2.5 h, also in the
presence of the drug (lanes 2). Alternatively, QT6 cells were transfected with
pGag-GFP, which expresses a recombinant RSV Gag protein in which C-
terminal sequences have been replaced with GFP. The next day, the trans-
fected cells were untreated (lanes 3) or pretreated with 80 uM MG-132 (lanes
4) before labeling as above. The cells and particles in the growth medium were
detergent lysed, and the Gag proteins were immunoprecipitated and elec-
trophoresedin SDS/12% polyacrylamide gels before detection by autoradiog-
raphy. (B) The negative impact of MG132 on budding was quantitated by
using a Phosphorimager. Cells were either pretreated with MG-132 for 90 min
in addition to treatment during the 2.5-h labeling period, or treated only
during the labeling period. The budding efficiency in each culture was calcu-
lated as the amount of Gag protein in the medium (CA products) divided by
the total in the lysates (Gag precursor and CA products) and media. The effects
of MG-132 on budding (% release relative to untreated) were then deter-
mined by computing the ratios of budding efficiency in the absence and
presence of drug. The averages from two no-pretreatment and three pre-
treatment experiments are shown .

Inhibitor-Resistant Properties of a Gag-Ub Chimera. It seemed most
likely that Ub would provide its budding function after being
linked to Gag, rather than to a host protein involved in budding,
because monoubiquitinated Gag proteins have been identified
(7). If this were the case, then genetic fusion of the Gag- and
Ub-coding sequences (Fig. 1) might create a chimera that is
capable of directing budding even in the presence of MG-132.
Similar direct-fusion approaches have been used successfully in
studies of receptor proteins that are down-regulated by Ub (3, 4).
However, if Ub provides its budding function as part of a host
protein, then the Gag-Ub chimera would still be inhibited by
MG-132. We found that Gag-Ub minus the C-terminal glycine
normally involved in linkage to Lys (28-30) is indeed much less
sensitive to the drug than the control (Fig. 4). Moreover, in the
absence of the drug (and in the presence of active proteasomes),
this chimera behaves like the wild-type with regard to its stability
and budding efficiency despite having Ub attached. These
observations further support the hypothesis that Ub is an
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Fig.3. Overexpression of Ub suppressesthe effects of proteasome inhibitors.
QT6 cells were cotransfected with 5 ug of (pGag.GFP) and 5 ug of either a
human Ub expression plasmid (pUb) or the same plasmid containing the
GFP-coding sequence instead (pGFP; negative control). The next day, cells
were pretreated with 20 uM MG-132 for 90 min before labeling for 2.5 h with
[35SImethionine, also in the presence of 20 uM MG-132. The labeled Gag
proteins were collected and analyzed as described in Fig. 2. The graph shows
the average of two experiments.

essential component of the budding machinery. By directly
attaching Ub to Gag, the need for a pool of free Ub is bypassed.
Based on its role in down-regulating receptor proteins from the
plasma membrane, we hypothesize that the purpose of Ub in
budding is to divert machinery normally involved in endocytosis
to the purpose of separating nascent virus particles from the
surface of the cell.

Subcellular Localization of Inhibited Gag Proteins. It is not known
when Ub is normally added to Gag; however, membrane-
associated Ub ligases have been identified (35). If Ub is required
for an event at the plasma membrane during budding, then Gag
proteins would be expected to be blocked there in the presence
of MG-132. Confocal microscopy of cells transfected with pGag-
GFP revealed that Gag proteins do continue to reach the plasma
membrane in the presence of the drug (Fig. 5), much like
mutants that lack the late domain required for virus—cell sepa-
ration (10, 12, 18, 20), but unlike mutants that lack the plasma
membrane-binding domain (36, 37).

To get a better look at the surface of MG-132-treated cells,
transmission electron microscopy was used to examine RSV-
infected cells (Fig. 6). In contrast to untreated cells, which had
small groups of particles in random association (Fig. 6A4), the
surfaces of drug-treated cells were covered with particles over a
5- to 6-fold greater surface area (Fig. 6 B and C). Even more
striking, these particles were often found in multilayered crys-
talline-like arrays, some of which were very large (Fig. 6 D and
E). Approximately 50% of the cells scored positive for budding
aggregates/crystalline arrays of varying size. In contrast, only
7% of untreated cells scored positive for the budding aggregates/
crystalline arrays. The enveloped particles were morphologically
mature, indicating that the block does not prevent proteolysis of
Gag by the viral protease, and the layers of particles appear to
be connected both vertically and horizontally within the arrays.
The packing of particles was very tight, and, as a result, the layers
often alternated between those in which the virion cores are
within the plane of the section and those in which they are
setback from the plane. The electron micrographs suggest that
Ub is involved at a very late step in the budding pathway, possibly
for separation of nascent viral particles from each other and the
cell surface.
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Fig. 4. A Gag-Ub chimera is comparatively insensitive to proteasome inhib-
itors. QT6 cells were transfected with either pGag-GFP or pGag-Ub (clones 1
and 2). The next day, the cells were pretreated with 80 uM MG-132 for 90 min
before labeling with [3°S]methionine, also in the presence of drug. (A) Gag
proteins from cells that had been labeled for only 5 min were collected to
compare the initial rates of protein synthesis of the treated (95 min, total) and
untreated cells. (Band C) Identical sets of plates were labeled for 2.5 h to allow
budding to proceed, and Gag proteins were collected from the cell lysates and
media of the treated (4 h, total) and untreated cultures, as in Fig. 1. (D)
Phosphorimager analysis of the budding efficiencies of Gag-GFP and Gag-Ub
in the presence of MG-132. Data from three different experiments were used
to calculate the averages by two different methods. Method 1 used only the
data from the plates labeled for 2.5 h, which was used to calculate the percent
of the total Gag protein found in the medium in treated vs. untreated cells.
Method 2 used the data from the plates labeled for only 5 min to normalize
the signals in the media after 2.5 h of labeling. Both methods show that
Gag-Ub is much less sensitive to the effects of MG-132.

Corequirement for the L Domain and Ub. It has been shown that
ubiquitination of Gag depends on the presence of the late
domain (22). If the sole purpose of the L domain during
virus—cell separation is to recruit a specific Ub ligase to modify
Gag, then the budding of L domain mutants would be restored
by the attachment of Ub to their C termini. To test this
hypothesis, we used deletion mutant T10C, which lacks the L
domain and does not release particles (Fig. 7, lanes 1). Although
this mutant has a large internal deletion, its budding defect is due
only to the absence of the L domain. In particular, T10C can be
rescued into virus particles by complementation using budding-
competent Gag proteins (12, 38), and it becomes budding
competent on its own when the L domains of HIV-1 or equine
infectious anemia virus are fused to its C terminus (10). How-
ever, when Ub was attached to the C terminus of T10C, budding
was not restored (Fig. 7, lanes 3). This result indicates that both
the late domain and Ub are needed for budding.

Discussion

The release of budding viruses from their host cells requires the
fusion of membranes as the emerging particles “pinch off.” This
mixing of lipids in the apposing membranes of the bud is thought
to be energetically unfavorable, and like other membrane fusion

13072 | www.pnas.org

A. WT (no drug) B. WT + MG-132

D. M domain mutani

C. L domain mutant

Gag accumulates on the plasma membrane in the presence of
MG-132. QT6 cells were transfected with the indicated Gag-GFP constructs,
and, 24 h, later the cells were examined by confocal microscopy. (A, C, and D)
Untreated cells. (B) Cells treated with 80 uM MG-132 for 3 h.

Fig. 5.

events, it must be mediated by a specific mechanism. Gag
proteins do not possess the machinery required for virus—cell
separation, but instead contain very small sequences, L. domains,
which serve to recruit the fusion machinery needed for efficient
budding.

The data shown in this paper illustrate a function of Ub in
retrovirus budding. The results from accompanying papers (22,
23) suggest that retroviral L domains recruit Ub ligase activity,
which modifies Gag and triggers subsequent downstream events.
Because genetic linkage of Ub to an L domain deletion mutant

Fig.6. Electron microscopy of MG-132-treated RSV-infected cells. (A) DMSO-
treated RSV-infected cells, magnified x27,500. (B—E) 80 uM MG-132-treated
RSV-infected cells, magnified x13,280 (B), x10,950 (C), x23,300 (D), and
X12,500 (E).
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Fig. 7. Corequirement for the L domain and Ub. QT6 cells were transfected
with the indicated Gag-GFP and Gag-Ub constructs, and, 24 h later, the cells
were labeled for 2.5 h with [3°S]methionine. No proteasome inhibitors were
used in this experiment.

of Gag does not rescue the budding defect, it suggests that this
domain has additional role(s) besides recruitment of the ubiq-
uitination machinery (i.e., it might act as a nucleation site for an
entire multifunctional complex required for budding).

Effect of Proteasome Inhibitors on Retroviral Protease Activity. Pro-
teasome inhibitor treatment of RSV-infected avian cells resulted
in only a mild reduction in Gag processing by the viral protease.
In addition, a protease-negative version of RSV Gag treated with
MG-132 was defective for virus release to the same degree as
observed for protease-positive Gag. These results imply that the
detrimental effects of proteasome inhibitors on virus release are
not mediated via a block in viral protease activity. These findings
are in contrast to HIV (23) and EIAV (to be presented
elsewhere), in which proteasome inhibitors strongly interfere
with Gag processing by the viral protease. The above discrepancy
is reconciled by the observation that RSV budding is not
stimulated by an active viral protease, whereas maximum effi-
ciency of HIV particle production requires viral protease activ-
ity (39).

Use of Endocytic Machinery for Retrovirus Budding. Although very
little is known about the host proteins recruited by L domains,
three lines of evidence point to the involvement of machinery
used for endocytosis. First, the L domain of equine infectious
anemia virus has been found to contain YXXL, a motif involved
in the endocytosis of a wide variety of proteins on the plasma
membrane. This L domain has been shown to interact with the
AP-50 subunit of the AP-2 complex in vitro, and it colocalizes
with this complex in vivo (20, 21). Second, a search for binding
partners of the RSV L domain has revealed Nedd4 (J. Leis,
personal communication), a WW-domain-containing Ub ligase
that is involved in down-regulating sodium channels from the
plasma membrane (35, 40). Interestingly, yeast mutants with
defects in the Nedd4 homolog, named RspS5, show defects in
endocytosis (41). The third line of evidence for the involvement
of endocytic machinery in budding is our finding that Ub is
required at the plasma membrane in a proteasome-independent
manner that is reminiscent of Ub’s role in down-regulating
surface receptors (3, 5). The data presented in the accompanying
papers further support the involvement of Ub in budding
(22, 23).

The mechanism by which Ub triggers endocytosis is unclear.
It does not seem to require polyubiquitination because removal
of all of the lysines within Ub does not destroy endocytic activity
(2, 3). As demonstrated by receptor-Ub chimeras, the normal
linkage of the C terminus of Ub to internal lysines of the target
protein is not essential, either. Currently, it is thought that Ub
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contains an endocytic signal that only comes into play when
ubiquitination of a membrane-bound protein occurs. Studies in
yeast suggest that this involves two hydrophobic patches on the
surface of Ub in which Phe4 and Ile44 are critical residues (3).
In mammalian cells, a ‘“di-leucine” motif consisting of Ub
residues Leu43 and Ile44 has been shown to be involved (5).
Di-leucines promote endocytosis by mediating an interaction
with AP-2.

How do retroviruses use machinery normally involved in
membrane invagination for the topologically reversed process of
budding? This question cannot be answered without further
details regarding the budding machinery; however, it is instruc-
tive to consider the similarities between virus budding and the
formation of multivesicular bodies (MVBs) in yeast. Vesicular
budding occurs into the lumen of these large, cytoplasmic
structures (for an illustration, see ref. 42). These cell-driven
invaginations are topologically identical to retrovirus budding. It
will be interesting to learn whether the host machinery involved
in MVB formation overlaps with that required for retrovirus
budding.

An alternative model for the role of Ub in budding is that
ubiquitination of Gag promotes its movement into specialized
regions of the plasma membrane, possibly detergent-insoluble
membrane rafts (43, 44), where the budding machinery may
reside. In support of this “lipid selectivity” model, the IgE
receptor undergoes ligand-stimulated ubiquitination, which
causes it to move into detergent-resistant domains of the plasma
membrane upon stimulation (45).

Sites of Budding on the Plasma Membrane. In RSV, proteasome
inhibitors result in the production of particles that are tightly
packed, often in large clusters, on the surface of the cell. Close
examination of these arrays reveals thin, possibly membranous,
connectors that hold the group of particles together. These
clusters have important implications for retrovirus budding.
They strongly suggest that budding occurs from many closely
arranged, fixed sites on the membrane, each of which is capable
of generating many particles. The production of a new particle
at one of these sites can begin even before the previous particle
has been released. Thus, when Ub levels are limiting, particles in
a group emerging from the cell surface fail to fully separate their
membranes from one another (horizontally) and from the next
group of particles forming below (vertically). Whether these
budding factories are unique entities created by Gag proteins or
preexisting locations to which Gag proteins are directed remains
to be determined. However, if the sites of budding are fixed in
position on the membrane, then it may be possible to isolate and
characterize them.

L Domains and Particle Size. The data presented here may provide
insight to the previously described influence of L domains on the
size of HI'V-1 particles. Our laboratory has shown that HIV-1
Gag mutants lacking the L-domain-containing p6 sequence
produce particles that are extremely large as assayed by sucrose
gradient sedimentation (46). Normal size was restored by re-
placing p6 with the p2b sequence of RSV or the p9 sequence of
equine infectious anemia virus (47). It will be interesting to see
whether the large HI'V-1 particles produced in the absence of all
L domains are actually clusters of many normal-sized particles
that failed to separate from one another. If so, then it is likely
that the role of Ub in virus separation is not unique to RSV but
is also common to HIV.

Significance of Free Ub. The simplest interpretation of our data is
that budding requires ubiquitination of the RSV Gag protein. At
first glance, this may seem to be in conflict with the fact that
Ub-conjugated forms of Gag were not observed in RSV (6).
However, even in those viruses where conjugated forms of Gag
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have been found, the majority of Ub is still free (7). These
observations may be an indication that the mechanism of budding
includes a host-encoded, deubiquitinating enzyme, some of which
is incorporated into the particles. Alternatively, it is possible that the
viral protease itself removes all or a large portion of the Ub
sequence from Gag. It is also worth considering the possibility that
only a few conjugated Gag proteins (too few to have been seen in
previous experiments with RSV) are required for the formation of
each bud, as is the case for L domains (12). Moreover, it may be that
the Gag-Ub molecules required for budding are ones that remain
tethered to other host proteins and are not actually packaged into
the particle, serving only to recruit the appropriate cellular ma-
chinery. This would not explain why free Ub is concentrated in
particles relative to the cytoplasm, however. Further investigations
are clearly warranted.
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In conclusion, our data and those of the accompanying papers
(22, 23) suggest that one of the host proteins recruited by the L
domain is a Ub ligase, which modifies Gag in a manner necessary
for the poorly understood process of retrovirus budding. Because
other enveloped viruses (e.g., rhabdoviruses) have been shown
to contain late domain activities (16, 17), these observations may
have broad significance for virology as a whole.
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